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ABSTRACT

INVESTIGATIONS OF BIOLOGICALLY RELEVANT FREE RADICALS
UTILIZING NOVEL GAS-PHASE ANALYTICAL TECHNIQUES
Michael Lesslie, Ph.D.
Department of Chemistry and Biochemistry
Northern Illinois University, 2017
Victor Ryzhov, Director

The investigation of gas-phase radical cations as a method of modeling and exploring the
fundamental chemical characteristics of radicals found in biological systems has generated
substantial interest over the last decade. Gas-phase techniques overcome the difficulties incurred
when studying the highly reactive and often transient species in solution where they are subject to
undesirable side reactions. This dissertation aims to expand the body of knowledge regarding
biological free radicals through the study of their gas-phase analogues. Specifically, the studies
undertaken focus on the elucidation of the intrinsic thermodynamic and kinetic characteristics
unencumbered by solvation and counter-ion effects.
The majority of the projects presented herein focus on radical migration in amino acid- and
peptide-based systems. The effect of metal ion complexation, in comparison to protonation, on
the propensity for thiyl radicals to undergo hydrogen atom transfer (HAT) and generate alphacarbon (C) radicals is investigated in depth. Two amino acids, cysteine (Cys) and its analogue
homocysteine (Hcy), and the redox-active tripeptide glutathione (GSH) are evaluated using the
combination of ion-molecule reactions (IMRs), infrared multiple photon dissociation (IRMPD)
spectroscopy, and theoretical calculations. In all cases, species possessing C-based radicals were
found to be thermodynamically favorable compared to their thiyl-based radical counterparts due

to the effect of captodative stabilization. Metal ion complexation was found, both experimentally
and theoretically, to increase this effect in the order K+ > Na+ > Li+. Evaluation of the potential
energy surface for alkali metal ion complexes of Cys and Hcy radicals revealed that the energy
barrier towards S-to-C radical migration followed the same trend. This explains the observation
of radical migration via 1,4-HAT in metal-bound Hcy radicals. The more strained four-membered
transition state did not allow for 1,3-HAT in Cys radical metal ion adducts. Although transition
states were not calculated for radical migration within the GSH system, the experimental results
indicate that alkali metal ions facilitate HAT also in the order K+ > Na+ > Li+ and all to a greater
degree than seen in the protonated radical species. As a whole, these studies demonstrate that alkali
metal ion complexation both stabilizes the radical ions and decreases the energy required for
isomerization.
In biological systems, radical migration is commonly observed between the side chains of
redox-active amino acids tyrosine (Tyr) and Cys. This behavior is modeled both intramolecularly
(via IMR of phenoxyl radical cations and a simple thiol neutral) and intermolecularly through
analysis of the model peptide LysTyrCys. In both cases, Tyr-to-Cys radical migration was found
to occur. The effect of hydrogen bonding and spin electron density on the phenoxyl radical (Tyr
radical model) reactivity was evaluated using a series of aromatic model systems. As expected,
IMRs revealed that higher radical delocalization and increased strength of hydrogen bonding
decreased the reactivity of these oxygen-based radicals. Such observations agree with the notion
that the kinetics of radical-initiated enzyme catalysis may be modulated by the local environment
within the protein.

The formation of radicals in building blocks of DNA is particularly concerning due to the
severe consequences they can inflict (e.g., eventual mutagenesis and cancer). An initial attempt
to study the fundamental chemistry of nucleobase radical cations is presented. Formation of the
cytosine radical cation Cyt•+ was achieved via oxidation of cytosine by Cu(II) in the gas phase,
and the propensity of the ion to undergo several radical-driven reactions was screened using IMRs.
Tautomer analysis was attempted using gas-phase infrared and ultraviolet spectroscopy and a
mixture of isomers with similar energies were found. This study represents a proof-of-principle
for investigating the radical cations of the constituents of DNA using a combination of gas-phase
techniques and computation chemistry.
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CHAPTER 1
INTRODUCTION

The terms free radical and antioxidant have become commonplace over the last few
decades. This is especially true regarding the biological destructiveness of the reactive radical
species whose formation is often attributed to external sources (pollution, cigarette smoke,
medication, radiation, etc.). In many cases, people first learn about radicals when they are
referenced by commercial products targeted at alleviating their toxicity with radical scavengers
labeled as powerful antioxidants. The situation is often described as quite simple: free radicals are
toxic and antioxidants alleviate their toxicity. Under reasonable inspection, however, this
simplistic scenario is found to be substantially more complex – as radicals have also been found
to play a crucial role in normal physiological functions.
An understanding of the diverse roles that radical species play in the body is critical from
a chemical perspective. The generation of highly reactive free radical small molecules is one
primary concern, as such compounds have the ability to damage important biological
macromolecules such as proteins, DNA, and lipids.1-6 This type of radical-initiated damage has
been implicated in Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and
various other pathologies.7-8 However, it is equally important to note that free radicals also play a
critical role in the normal function of the body. Amino acid side-chain-based radicals are found at
the active sites of enzymes and play a key role during the transformation of substrates. 9-10
Meanwhile, the same reactive species implicated in the damage of biomolecules are involved in
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necessary signaling pathways.11-12 Undoubtedly, an improved understanding of radical chemistry
in biological systems is of great importance for the comprehension of the complex oxidative
balance required for the body to function optimally.
Due to the often-transient and highly-reactive nature of biological radicals, they are
difficult to study using conventional solution-phase methodologies. Such techniques may be
suboptimal, as they are often susceptible to unwanted side-reactions. Because these difficulties
have somewhat limited the study of radical species, misunderstandings about radical chemistry in
the body endure. The work herein aims to further the scientific understanding of biologically
relevant free radicals through investigation of their fundamental, thermodynamic and kinetic
properties via the development and utilization of novel experimental gas-phase analytical
techniques.

Radicals, a Brief Historical Perspective

Chemical species with an odd number of electrons, resulting in a single unpaired electron
in their outermost shell, are defined as radicals (abbreviated X•, where X is any chemical entity).13
These often highly reactive species can be formed in three distinct ways: by the loss of an electron,
by the gain of an electron, or by homolytic bond cleavage where each part retains a single electron
(Eq. 1.1-1.3).14 Depending on the initial charge of the reacting species, the resulting radical can be
neutral, positively charged (radical cation), or negatively charged (radical anion).
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Electron capture:

X + e-  X•-

Eq. 1.1

Electron loss:

X  X•+ + e-

Eq. 1.2

Homolytic bond cleavage:

X-X  X• + X•

Eq. 1.3

The current definition of a radical species given above, which is now widely accepted by
the scientific community, was only developed within the last century.15 However, the first notion
of a radical was postulated much earlier by Lavoisier in the late 1700s.16 In his work outlining the
theory of acids as oxygen containing compounds, Lavoisier suggested that the group of elements
combining with the oxygen in the acid was a radical.17 While the theory of radical chemistry has
evolved substantially since that time, the term radical is still used to indicate a molecular fragment
(R group) which maintains its identity throughout a series of reactions (i.e. the methyl radical
•

CH3). The century after Lavoisier’s initial findings produced several claims of radical discovery:

the ammonium radical and the cyanogen radical were prepared as inflammable gases, 18-19 while
“free methyl” and “free ethyl” radicals were produced via electrolysis of acetate and thermal
decomposition of ethyl iodide.20-21 These species, however, were highly unstable and detected only
as dimers of the original radicals formed via bond homolysis.
The observation of a reasonably stable radical species did not occur until 1900 when Moses
Gomberg discovered the triphenylmethyl carbon-centered radical22 for which he has been credited
with the discovery of organic radicals.23 Gomberg’s pioneering work came under heavy critique
from the scientific community for proposing a trivalent, and not the accepted tetravalent,
configuration of carbon.13 In the years that followed, additional examples of observable radical
species began to emerge, such as the discovery of •NPh2 from the homolytic N-N cleavage of
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tetraphenylhydrazine.24 Such observations led to the proposal of transient radicals as reaction
intermediates in organic reactions, especially those occurring in the gas phase.25 The acceptance
of radical species grew rapidly as seminal publications explained the kinetics of both gas-phase26
and solution-phase27 chemistries via radical mechanisms.
Since those early days of radical study, the prevalence of odd-electron species in multiple
fields of chemistry has become obvious (i.e. autoxidation in combustion, pollutants in the
atmosphere).28 Industrial scale chemists have specifically leveraged radical chemistry. Notably,
a large portion (~40%) of the plastics and synthetic rubbers produced utilized radical
polymerization reactions.29
The field of biochemistry has particularly reaped the benefits from the modern notion of
free radicals, the advent of which is often credited to the high-profile paper published by
Commoner et al. in 1954 describing the observation of radicals within biological matrices.30
Although, one could argue that the birth of the study of biological radicals dates back to 1906 when
Dakin described the radical-mediated oxidation of amino acids.31 In either case, the initial notion
of radicals in biology was clearly related to the degradation of biomolecules and was quickly linked
to the presence of oxygen in combination with ionizing radiation.32 Soon thereafter, the notion of
oxygen-containing radicals as byproducts of enzymatic reactions was proposed and their presence
was hypothesized to account for cellular damage, mutagenesis and cancer.33 Such ideas can be
seen as the precursors of the current understanding of reactive oxygen species (ROS). 34 Perhaps
most importantly, these early works began to convince the scientific community of the importance
of radicals in biochemistry and spawned a plethora of investigations into the deleterious effects of
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radical-mediated oxidative damage.35 Studies revealed that oxidative damage occurs readily to
three main classes of biomolecules: lipids, nucleic acids, and proteins.36
Lipid peroxidation was rapidly determined to be destructive to cell membrane fluidity,
altering cell membrane properties and disrupting membrane bound protiens.5 Such oxidative
reactions propagate as a lipid hydroperoxyl radical, formed via attack of a ROS, abstracts a
hydrogen atom from a neighboring unsaturated lipid to generate a hydroperoxide and an alkyl
radical that subsequently combines with oxygen to regenerate a hydroperoxyl radical. 6 Damage
to DNA has been found to be particularly harmful, where oxidation and radical formation lead to
eventual single- and double-strand breaks as well as covalent cross-links to other molecules.1, 37
A plethora of documented cases involving radical-initiated oxidative damage to proteins have
revealed redox mechanisms resulting in disulfide reduction, protein-protein crosslinking, peptide
fragmentation, amino acid epimerization, and eventual aggregation.35, 38-42 Any of these may
contribute to protein structural and functional changes that lead to activity loss of the protein.
The understanding of the importance of radical species in biochemical systems progressed
again with the discovery of superoxide dismutase (SOD) by McCord and Fridovich in 1969.43 This
seminal paper demonstrated three importing findings: the involvement of the superoxide radical
anion in biological redox chemistries, the ability of SOD to convert the highly reactive species to
hydrogen peroxide and oxygen (2O2•- + 2H+  O2 + H2O2), and that SOD is ubiquitous in animal
tissues.43 These results revealed to the scientific community both that reactive oxygen species play
a crucial role in cell biology and that regulation of their abundance is, at least in part, controlled
enzymatically.
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Many new studies grew out of the realization that radical species also had notable
advantageous biological effects. Possibly the first example came from Mittal and Murard in 1977
who suggested that the superoxide anion stimulates the activity of guanylate cyclase and the
formation of cGMP.44 Soon thereafter, two groups independently discovered the regulation of both
vasodilation and inhibition of platelet adhesion by nitric oxide (•NO).45-46 Several other examples
of radical-based biomolecular regulation utilizing hydrogen peroxide were also discovered.47-49
The role of radicals was found to stretch beyond the use of small discrete odd-electron molecules
as signaling species into the activity of proteins through the use of amino-acid based radicals in
enzyme catalysis.50 The use of radical species in catalysis is especially pertinent to the current
work and is therefore reviewed more extensively below.

Protein-Based Radicals in Enzyme Catalysis

Site-specific oxidation of amino acids within proteins occurs only at key residues which
possess oxidation potentials within reach of biological oxidants such as ROS and redox-active
metal cofactors.51 Therefore, the most likely candidates to be involved as radical intermediates in
catalysis are tryptophan (Trp), tyrosine (Tyr), cysteine (Cys), histidine (His), and methionine
(Met).52 Of these, stable and/or transient radicals have been found on Trp, Tyr, and Cys side chains
within proteins.9 Notably, glycine (Gly) residues have also been found to play an important role
in radical-mediated catalysis.53

The work presented herein focuses on the examination of the

fundamental characteristics of Tyr-, Cys-, and Gly-based radical species (see Scheme 1.1 for the
structure of amino acid radicals). Key examples of their function within enzyme catalysis include:
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the tyrosyl radical in photosystem II54-55 and class I RNR,56-63 the cysteinyl radical in all classes of
RNRs,56, 64-65 and the glycyl radical in pyruvate formate lyase66-67 and class III RNR.68-69

Scheme 1.1. Chemical structure of the common amino acid radicals found in
radical-mediated enzyme catalysis: (A) Trp, (B) Tyr, (C) Cys, and (D) Gly.

In general, photosystem II (PSII) uses light to drive water oxidation and functions by
extracting electrons from H2O thereby releasing protons to generate a pH gradient and forming O2
as a byproduct (2H2O 4e− + 4H+ + O2).70 The work of Babcock and co-workers in the late 1980s
revealed the presence of two tyrosyl phenoxyl-type radicals in PSII directly involved in the oxygen
evolving complex.54-55 Generation of the primary tyrosyl radical (located at Y161, and often
abbreviated Yz•) is proposed as the first step in the electron transfer process and occurs by electron
abstraction from the manganese cluster, as well as, proton abstraction by the nearby histidine
residue which is within hydrogen bonding contact.71-72 The Yz• species oxidizes one of the two
water molecules by abstracting a hydrogen atom and reduces the tyrosine back to its initial state
and the cycle repeats.71-72 Thus, the tyrosine residue effectively acts as a shuttle for both the proton
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and electron transfer processes. The second tyrosine radical is a spectator ligand in the oxidation
reaction and is thought to stabilize the manganese cluster in the oxygen evolving complex.73-74
Pyruvate formate lyase (PFL) is a critical enzyme in the anaerobic metabolism of
Escherichia coli (E. coli) with the primary function of supplying the citric acid cycle with acetylCoA through the transfer of the acetyl group from pyruvate.75 The activation of PFL is known to
occur through the generation of a Gly C-radical formed via direct hydrogen atom transfer (HAT)
to the 5’-deoxyadenosyl radical generated from S-adenosylmethionine by the pyruvate formatelyase-activating enzyme (PFL-AE).66-67 Interestingly, the initially generated Gly radical does not
directly react with the pyruvate.76 Instead, the radical is transferred via HAT through two
neighboring Cys residues which finally react with the substrate. This mechanism is evidenced by
both computational and crystallographic studies which reveal that all three residues are close
enough to come into direct hydrogen bonding contract required for HAT.77-79 The PFL mechanism
demonstrates two important points. First, that Gly C radicals can act as stable radical storage
locations to conserve the energy required for the costly act of radical regeneration. Second, that
reversible radical transfer via HAT between Cys and Gly residues is feasible and dependent on the
microenvironment within the protein.52
A large portion of this dissertation (e.g. S-to-C radical migration in Cys-derived species)
is directly related to use of glycyl C positions for radical storage in enzymatic processes and
therefore the basis of this phenomena deserves additional explanation. The C position, in general,
is thought to be a highly-stabilized location due to the delocalization of the radical (i.e., the
unpaired spin) over multiple atoms.80-81 This stabilization is particularly large due to the push-pull
interactions of the neighboring electron donating and electron withdrawing groups causing a
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captodative effect.82-83 Notably, the Gly-based C position has been found computationally to
provide the most thermodynamic favorability of all amino acids, as larger side chains partially
disrupt the captodative resonance.84-85 In peptides, this effect is amplified due to the interactions
of the side chain substituent with the remainder of the peptide causing increased hindrance towards
the planarization of the backbone.86
Ribonucleotide reductases (RNRs), which are responsible for the reduction of nucleotides
to deoxynucleotides, represent one of the most diverse sets of amino acid radical utilizing
enzymes.9, 50 As such, the genealogical origins, functions, and mechanisms of RNRs have been
reviewed extensively.87-91 The RNRs are divided into four classes (class I – IV RNRs) based on
the cofactor responsible for radical generation and named for their chronological discovery (Figure
1.1a).92 Class I RNRs were originally discovered in 1950, and possess a diiron cluster and a stable
Tyr-based phenoxyl radical.93 However, more recently it has been shown that class I requires
further subdivision into class Ia, class Ib, and class Ic to account for additional reductant sources.91
In the mid-1960s class II RNRs, which utilize adenosylcobalamin for radical initiation, were
discovered.94-95 Class III RNRs were found in E. coli when it was grown in anaerobic conditions
in the late 1980s and generate a glycyl radical in a similar fashion as PFL. 68-69 Finally, class IV
RNRs, discovered around the same time, possess a dimanganese cluster and a stable protein
radical, which is believed to be a Tyr-based species.96-97
Independent of the different process of radical initiation, all classes of RNRs appear to have
a conserved mechanism for nucleotide reduction (Figure 1.1b).64-65 The initial step of the catalytic
cycle occurs when the thiyl radical, generated via the specific cofactor discussed above, abstracts
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Figure 1.1. Radical-based enzymatic catalysis in RNRs: a) schematic diagram
representing radical generation cofactors for class I-IV RNRs (adopted from ref.
58), b) proposed Cys-based sulfur-radical mediate mechanism of nucleotide
reduction in RNRs (adopted from ref. 62), c) long-range PCET proposed for class
I RNR by Stubbe and coworkers (adopted from ref 98).
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a hydrogen atom from the 3’ position of the nucleotide.56 Although competing mechanisms have
been proposed for the remaining steps,99-100 the following represents the most experimentally
supported theory.9 Subsequently, the 2’ hydroxyl is eliminated as water, leaving a radical center
on the carbon atom.101 Reduction of this intermediate species occurs via oxidation of the two
neighboring cysteine residues to a disulfide, which migrates the radical back to 3’ carbon position.
Finally, HAT from the initial cysteine residue to the 3’ carbon completes the cycle and regenerates
the thiyl radical.64-65
At least as interesting as the method by which the cysteinyl reduces the nucleotide is how
the radical is transferred from the independent cofactor to that location. Among the most well
studied, and pertinent to this work, is the long-range net Tyr-to-Cys radical transfer which occurs
in E. coli class Ia RNR (Figure 1.1c).56-63 This enzyme is composed of two homodimeric subunits
designated R1 and R2 (comprised of 2 and 2, respectively). The R2 subunit contains the diironTyr radical (Y122) cofactor while the terminal thiyl radical is found at a Cys residue (C439) in R1.
While crystallization of the entire complex has not been achieved, a docking study has suggested
that Y122 and C439 are separated by ~ 35 Å.57 Stubbe and co-workers have proposed and provided
significant evidence for a proton-coupled electron transfer (PCET) mechanism by which the
radical is transported over such distance and between the two subunits.61, 98 Radical migration via
PCET represents a broader class of reactions than HAT, where a net hydrogen atom (H•) is
transferred stepwise, in time or space, as an independent proton and electron. Such mechanisms
have been reviewed in depth.98, 102-106 Currently, the PCET mechanism is thought to involve longrange electron transport coupled to short range solvent mediated proton transfer.62 However, the
specifics of several steps in the pathways are still currently a subject of interest.
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Analytical Techniques for Studying Biological Radicals

Experimental examination of radical species in solution is fraught with difficulty due to
their often transient and highly reactive nature. However, a few spectroscopic techniques have
arisen which allow their study, namely x-ray crystallography, pulse radiolysis, and, most notably,
electron paramagnetic resonance (EPR). Each method, unfortunately, is subject to its own
shortcomings in the study of the fundamental characteristics of radical species, as highlighted in
the following discussion.
It took over 40 years from the initial use of x-ray diffraction patterns for the determination
of atomic structure by the Braggs, for which they were awarded the Nobel Prize in 1915,107 for the
technique to mature to the point where determining the first protein structure was possible.108-109
Since that seminal work on myoglobin single-crystal x-ray diffraction has become a mainstay in
protein structural analysis due to its ability to define structures at atomic level resolution. In fact,
the majority of the over 127,000 entries of macromolecular structure in the Protein Data Bank
(PDB) were determined by x-ray crystallography.110 While x-ray diffraction is important as a
supplemental technique when determining radical-based mechanisms in enzyme catalysis, it has
been shown that redox-active proteins are especially susceptible to modification by the energetic
x-rays used in diffraction experiments.111 Therefore, x-ray crystallography experiments performed
on radical-containing proteins are often unreliable and the results may differ significantly from the
structure of the native biomolecule.111
Pulse radiolysis has been employed to study the reaction rates of radical species in
solution.112-113 This technique is a successor of flash photolysis and uses a beam of high-energy
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electrons to initiate fast reactions and radical generation via indiscriminate absorption by the
solvent. Subsequent detection of the transient species produced is typically monitored via timeresolved absorption spectroscopy. Rate constants for the radical of interest can be extracted from
the decay of the various species initially produced.114-115 Notably, the group of C. Schöneich has
used pulsed radiolysis to investigate the HAT processes involving thiyl radicals, including those
derived from cysteine, penicillamine, and various other species.116-119

Unfortunately, the data

signal generated in pulsed radiolysis does not give site-specific reaction data and also becomes too
complex when working with large molecules.4 For these reason, the technique has had somewhat
limited applications in the analysis of redox chemistry involving biological radicals.120
In general, the most useful technique for studying solution-phase peptide- and proteinbased radical species is, and has been for the last 50 or so years, EPR spectroscopy.52 In fact, the
original study by Commoner et al. on the discovery of organic radicals in biological matrices was
conducted using this technique (although not coined as such at the time).30 EPR spectroscopy
functions similarly to its later developed and more well-known cousin nuclear magnetic resonance
(NMR) spectroscopy. As the name implies, however, EPR monitors paramagnetic species such as
open shell metal ions (Cu(II) and Mn(II) were the first observed species121-122) and odd-electron
organic radicals. The critical information derived from EPR experiments is the g-factor, a
dimensionless quantity related to the magnetic moment, which is compared to the theoretical value
for an electron (ge).123-124 Divergence of the experimental value from the standard (combined with
other characteristics such as peak shape and hyperfine splitting) reveals information regarding the
local environment of the radical.123-124 In the study of protein radicals significant effort has been
undertaken to characterize g-factors for specific long-lived radicals types so that stable radicals
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residing on amino acid side chains can be explicitly determined via EPR.9, 125 One notable example
is the Tyr-based phenoxyl radical in class I RNRs which was originally observed and characterized
by this method.126 Most radicals of interest in protein chemistry, however, are not observable
under EPR spectroscopy due to their short lifetimes. Spin-trapping techniques, which typically
subject the transient radical species to reaction with nitrones or nitroso compounds resulting in
long-lived nitroxide-based radicals, have been developed to alleviate such issues. Implementation
of spin-trapping incurs its own issues, as spin adducts can generate broad EPR spectra making
identification difficult and dehydrogenation often results in EPR-silent probes.127-128 As such,
detection and study of transient radical species in biological systems in the solution-phase
maintains a high degree of difficulty.

Gas-Phase Radical Studies

Gas-phase experiments offer, most often mass spectrometry (MS)-based, several
advantages for the study of radical species. Foremost, the solvent-free low-pressure environment
allows for investigation of the intrinsic properties of the radical species unencumbered by solvation
and counter-ion effects. It can be hypothesized that this space, compared to aqueous solution, may
more accurately mimic the binding pocket where amino acid radicals are often found in enzyme
catalysis.129-130 Studies performed with MS provide additional simplicity by limiting the chemistry
observed to intramolecular interactions due to the charge repulsion between ions, thus preventing
undesired radical recombination reactions which often plague solution-phase experiments.
Finally, the use of MS greatly reduces both the sample quantity (concentrations are in the nM
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range) and time required for analysis. Such experiments are therefore suitable when rare and/or
expensive reagents are required or when fast screening of a multitude of species is desired. The
projects presented in this work aim to leverage these advantages for the investigation of
biologically relevant radical species as radical cations in the gas phase.
Generating radicals for MS analysis which resemble those found in proteins is not trivial.
However, in the last decade or so several groups have worked to develop techniques which allow
for hydrogen-deficient radical generation ([M+(n−1)H]n+• or M+• for n = 1) which are compatible
with the soft-ionization techniques typically used for such samples and closely mimic the species
found in biology.131-132 The methodologies developed fall into two primary categories, involving
either covalent chemical modification followed by homolytic cleavage of a labile bond or utilizing
the redox chemistry of transition metal cations for oxidation of the desired species.132 Techniques
falling within both categories have been employed extensively by the Ryzhov group in recent
years133-146 and are herein used for the generating Cys- and Tyr-based radicals as well as radical
cations of nucleic bases. Such species stand in contrast to hydrogen-rich radical cations
([M+nH](n−1)+•) which hold an important place in the proteomics subset of the bioanalytical MS
paradigm.131-132 They are generated via ExD mechanisms (i.e. electron capture dissociation
(ECD)147-149 and electron transfer dissociation (ETD)150-151) and are utilized primarily for protein
and peptide determination by greatly enhancing sequence coverage over collision-induced
dissociation.
Due to the prominence of proteomics most of the hydrogen-deficient radical generation
techniques have focused on peptides and proteins. Several covalent modifications have been
discovered which yield radicals on specific amino acid side chains under both CID and ultraviolet
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Figure 1.2. Generation mechanisms of hydrogen-deficient radical cations within
intact peptides or pseudopeptides using (a) CID or (b) UV-PD (adopted from ref.
132)
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photodissociation (UV-PD) activation regimes (Figure 1.2). Masterson et al. initially showed that
lysine modified with a peroxy group would undergo homolytic cleavage of the weak O-O bond,
which upon further fragmentation, would generate a nitrogen-based radical.152 Additionally, azoand TEMPO-based fragmentation channels lead to radical deposition upon the parent
compound.153-156 However, the resulting ion is a pseudopeptide since the entire modification is
not lost during CID. Nitroso-type modification to Cys and Trp results in S-NO and N-NO bonds
which are highly labile in the gas-phase.157-160 Therefore, fragmentation of these species has been
used by the Ryzhov group to form stable S- and N-based radicals.133-145 Julian and co-workers
pioneered the use of low-energy UV excitation for maintaining intact peptides while facilitating
specific homolytic bond cleavage to generate aromatic and aliphatic carbon-, sulfur-, and oxygenbased radicals.161-168 Most notably, when iodotyrosine-containing peptides are irradiated with 266
nm light the C-I bond cleaves homolytically to generate a Tyr-based radical species.162, 168 The
initial phenyl-type carbon radical then isomerizes into the oxygen-based phenoxyl radical
species.162, 165 Instrument modification including laser interfacing is required for this technique
and therefore its implementation has been somewhat limited.
The first intact peptide radical cations generated in the gas phase were achieved by Siu and
co-workers using CID activation of a ternary copper(II) complex (Eq. 1.4, where M is the peptide
of interest).169-172 It was initially noted that the presence of both a basic and aromatic amino acid
was required, which led to a mechanistic proposal involving electron transfer from the aromatic
amino acid to the copper and proton transfer to the basic amino acid (Figure 1.3).169 The nature of
both the auxiliary ligand and redox-active metal ion was found to play an important role in tuning
the formation of various aromatic amino acid radicals (including Tyr, Trp, His, and Phe) both
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independently and within peptide chains.173-177 O’Hair and co-workers extended the metal
complex dissociation method beyond amino acids and peptides to the study of DNA
constituents.178-180 The Ryzhov group has generated a variety of radical cations in this manner
including Tyr-containing peptides and Tyr side-chain models,143,

146

Trp and Trp side-chain

models,140, 142 as well as, natural and thio-substituted nucleic bases.141

[CuII (dien) (M)]•2+  [CuI (dien)]+ + M•+

Eq. 1.4

Figure 1.3. Mechanism of Tyr-based radical formation when dissociated from a
Cu(II) containing ternary complex (adopted from ref. 169)

After the radical cation is generated in the gas phase, conventional MS-based experiments
such as fragmentation analysis using CID are often undertaken to investigate the odd-electron
species. Characteristic fragmentation patterns of several radical species have been previously
determined, including those of the Trp-142 and Cys-based157 radicals by the Ryzhov group.
Peptides containing Trp-based radicals were also investigated independently by the groups of
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Julian and Chu who found them to undergo C-C homolytic bond dissociation yielding a C
radical on the remainder of the cationic peptide.181-183 A similar motif was discovered for the
fragmentation of Tyr-based radicals in peptides where homolytic cleavage of the C-C bond
results in a Cradical.129, 172, 184-185 Due to the complete side-chain loss the radical formed is a Glybased C radical. This phenomena was leveraged to investigated the fragmentation patterns of the
triglycine radical peptide when the radical is formed independently at each residue ([G•GG]+,
[GG•G]+, and [GGG•]+).184 In this case, it was found that isomerization between the three species
did not occur as the energy barrier for interconversion was well above that for charge-induced
fragmentation.184, 186
The fundamental investigation of biologically relevant radical species in the gas phase
often requires analysis techniques beyond those provided by “conventional” mass spectrometry.
Towards this end, the Ryzhov and O’Hair groups have developed a so-called three-pronged
approach, which allows for the elucidation of the thermodynamic, kinetic, and structural properties
of the radical species. The reactivity of the radical species is initially probed using regiospecific
ion-molecule reactions, which provide evidence for the location of the unpaired spin (indicating
on what atom(s) the radical resides), as well as, rate-constants for the reaction of the ion with the
neutral species. These experiments are combined with gas-phase spectroscopy in the IR and/or
UV-vis range to aid in determining the 3D structure of the radical ion. Additional detail and
pertinent examples of the use of these experimental techniques can be found below. Finally,
theoretical chemistry is utilized to find the energetics of the species found and their reaction
intermediates.

20
The ion-molecule reactions (IMR) in the current projects were performed on an in-house
modified Bruker Esquire 3000 (Bruker Daltronics, Bremen, Germany) quadrupole ion trap (QIT),
as previously described.187 Reactions are achieved through the introduction of the neutral reactant
species into the ion trap where the radical cation is held. For screening general reactivity, the
neutral is introduced through a pulse-valve. When full kinetic data is required the neutral is
introduced via a high precision leak valve or directly through the helium line as these methods
generate a constant partial pressure within the trap. The reaction time is controlled using a scan
delay through the standard instrument software. An overview of the process and a schematic of
the neutral indroduction method is provided in Figure 1.4. This setup has previously been used by
the Ryzhov group to investigate a variety of radical species.133-146
Several other groups have the capability to perform IMRs and have studied the reactivity
of radicals derived from organic and biomolecular ions.130 Kenttämaa’s group has explored the
reactivity of the phenyl and aryl radicals cations towards various hydrogen atom donors revealing
that reaction efficiency was dependent on the electron affinity of the radical and the ionization
energy of the neutral.188-190 Charged peptide radicals have been explored by several groups.177, 191195

Most notably, these studies revealed that peptide reactivity is dependent on radical locations,

thus giving rise to the idea of regiospecific ion-neutral reactivity used extensively throughout
work. In particular, it was demonstrated that Cys-based thiyl radicals reacted readily with disulfide
reagents and allyl iodide while carbon centered (i.e. C radicals) are not reactive.177 Other
biomolecules have also been recently investigated. Blanksby and co-workers have used IMRs
with ozone to differentiate complex lipids and assign double bond locations.196-198 Meanwhile,
O’Hair has measured the acidity of nucleobase radical cations in the gas-phase.180
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Figure 1.4. Schematic representation of (a) the IMR methodology and (b) the
neutral introduction system.
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Although regiospecific IMRs often reveal the location of the unpaired spin within the
radical species, further structural information (i.e. internal hydrogen bonding, metal-ion
coordination) is typically desired. Gas-phase action spectroscopy combined with theoretical
chemistry can aid in this endeavor. Infrared multiple photon dissociation (IMRPD) spectroscopy
couples a free-electron laser (FEL) with a mass spectrometry in order measure the absorbance
pattern of the ions in the fingerprint region (800 - 1800 cm-1).199 As the ion density in the gas
phase is too low for measuring transmittance, the fragmentation of the ions upon absorption is
calculated using the fragmentation of the ion.200 Due to the expense of constructing and
maintaining a FEL only a limited number of facilities possess IMRPD spectroscopy capabilities,
including the FELIX facility in the Netherlands and the CLIO facility in France.201-202 In recent
years, the Ryzhov group has visited both facilities to generate gas-phase IR data on the radicals of
amino acids, peptides, and nucleobases.133, 135-136, 138-139, 144-145
Gas-phase IRMPD spectroscopy experiments have been leveraged to aid in the structural
identification of even-electron protonated, deprotonated, and metal-bound species of organic
compounds,203-204 amino acids,205-209 small peptides,210-211 and DNA constituents.212-216 Studies
involving biological radical ions have been more scarce. This is likely due to the difficulty of
generating the less stable odd-electron species in high enough yields. However, notable examples
include the radical cation of histidine which was generated via metal-complex dissociation and it
determined via spectroscopy generated at the FELIX facility to be a C -based radical.217
Conversely, the Cys radical cation was formed through S-NO homolytic bond cleavage and found
to maintain the unpaired spin at the sulfur atom as evidenced by the IR spectrum collected at the
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CLIO facility.218 More recently, the tautomeric form of the radical cation of 9-methylguanine was
determined by the O’Hair group.180

The current work aims to further the understanding of radical-involved processes within
models for biochemical processes. In an effort to fill minor gaps in the current understanding of
such systems, the fundamental nature and intrinsic reactivity of the involved species are inspected
in depth via novel gas-phase analytical techniques including IMRs and IRMPD spectroscopy. The
majority of this work focuses on determining the radical location in amino acid and peptides: alkali
metal-cationized Cys and homocysteine (Hcy) radicals, the glutathione radical complexed to
various singly- and doubly-charged metal ions, and the protonated LysTyrCys tripeptide radical.
Inspired by the effect of the basic residue to stabilize the Tyr-based radical, a study was undertaken
to determine the effect of hydrogen bonding on phenoxyl radicals. Finally, tautomeric assignment
was attempted for the radical cation of the nucleobase cytosine. These projects all utilize the
aforementioned three-prong approach for studying radical ions in the gas phase. From a
biochemical standpoint, the studies herein fit within both the investigation of radical-induced
biomolecular damage (i.e. epimerization of amino acids) and the further elucidation of beneficial
radical-based processes (i.e. radical transfer during enzyme catalysis).

CHAPTER 2
METAL ION ADDUCTS OF THE CYSTEINE RADICAL i

Abstract

The formation and investigation of sulfur-based cysteine radicals cationized by a group 1A
metal ion or Ag+ in the gas phase are reported. Gas-phase ion--molecule reactions (IMR) and
infrared multiple-photon dissociation (IRMPD) spectroscopy revealed that the Li+, Na+, and K+
adducts of the cysteine radical remain S-based radicals as initially formed. Theoretical calculations
for the three alkali metal ions found that the lowest-energy isomers are Cα-based radicals, but they
are not observed experimentally owing to the barriers associated with the hydrogen-atom transfer.
A mechanism for the S-to-Cα radical rearrangement in the metal ion complexes was proposed, and
the relative energies of the associated energy barriers were found to be Li+>Na+>K+ at all levels
of theory. Relative to the B3LYP functional, other levels of calculation gave significantly higher
barriers (by 35 – 40 kJ mol-1 at MP2 and 44 – 47 kJ mol-1 at the CCSD level) using the same basis
set. Unlike the alkali metal adducts, the cysteine radical/Ag+ complex rearranged from the S-based
radical to an unreactive species as indicated by IMRs and IRMPD spectroscopy. This is consistent

i
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with the Ag+/cysteine radical complex having a lower S-to-Cα radical conversion barrier, as
predicted by the MP2 and CCSD levels of theory.

Introduction

Cysteine is one of the most redox-active amino acid residues in proteins.52 It plays an
essential role at the active site of several enzymes, including pyruvate formate lyase,219 class I-IV
ribonucleotide reductases,9, 220-221 and benzylsuccinate synthases.222-223 The ability of the sulfur
functionality to perform such redox reactions results in the cysteine motif being present in potent
antioxidant compounds, most notably glutathione, which can reach concentrations of ~10 mM in
mammalian cells.224-225

Moreover, while at much lower concentrations in the body,226 free

cysteine also functions as a potent antioxidant.227-228 It is known that interactions with metal
cations at the active sites of redox-active enzymes is crucial to the function of proteins.9 In
mammalian cells, the free concentration of common alkali metals is in the ~ 1-100 mM range.229
Coordination of these metals to cysteine or the cysteine residue in glutathione in either the reduced,
oxidized, or radical form may have outstanding effects on their function as antioxidants.
Therefore, the effect of metal coordination on the cysteine residue is of notable interest.
Generally, characterization of metal-bound amino acids is of interest as the interaction
between amino acid side chains and metal ions in peptide and protein systems is known to occur
extensively.230-234 Knowledge of the binding energies and structural dynamics of individual amino
acids coordinating with alkali metals can act as a building block for understanding the interactions
of these metals with larger peptides and proteins. As such, the effects of alkali metals on the
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structure of cysteine have been studied previously, both theoretically and experimentally, in the
gas phase.205, 235-237 Ground state conformers of group 1A ions with cysteine were found to be
primarily charge-solvated tridentate species.235-236 Interestingly, for the larger ions (K+ and Rb+)
the bidentate carboxylic acid-bound conformers are found at comparable energies to the tridentate
form.236 The bond energies of metal ion coordination decrease going down the group and appear
to correlate inversely to the size of the ion and the charge density.236 The theoretical studies were
supported by infrared multiple photon dissociation (IRMPD) experiments. It was reported that for
the smaller ions (Li+ and Na+) only the tridentate charge-solvated structure was seen.205 However,
for the larger ions (K+, Rb+, and Cs+) more complex spectra suggesting a mixture of conformers
including the bidentate carboxylic acid-bound form were found.205
While multiple studies of the structure of metal ion / amino acid (or peptide) complexes
have been published,206, 209, 238-241 very little is known about the structures of metal ion / peptide
radical complexes. Most of the work on peptide or amino acid radical cations in the gas phase has
involved protons as the source of charge. Nonetheless, using metal ions as charge sources often
offers advantages, such as stabilization of the structure via multidentate coordination (e.g. in alkali
metal ion-stabilized polyglycol radicals 242) and elimination of the “mobile proton” (e.g. involving
sodiated Bz-Ala-Gly-OMe isomeric radical
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). The ability to form and analyze biologically

relevant radicals complexed to metal ions in the gas phase opens the door to unraveling the effects
of those metals on the stability and structure of these radical species.
In this study we explore the structure and coordination chemistry of the cysteine radical
complexed to the alkali metalions Li+, Na+, and K+, as well as, Ag+. Formation of the cysteine
thiyl radical is achieved using the well-characterized S-nitroso chemistry.134, 157-158 This technique
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is not dependent on the charging species, and has previously been used for protonated cations,
deprotonated anions, and non-covalent complexes.133, 243 Thus, it should be well suited for studying
the interaction of metal cations with cysteine sulfur radicals. The S-NO homolysis technique was
used to determine the gas-phase structure of the cysteine radical cation in the first IRMPD study
of the species.218 In addition, the structure of protonated S-nitrosocysteine has been characterized
by IRMPD spectroscopy.244 Here, the three-pronged approach developed by our group (gas-phase
ion molecule reactions, infrared multiple photon dissociation, and theoretical calculations) has
been used to elucidate the gas-phase structure of numerous cysteine derivatives and small cysteinecontaining peptides.133, 135, 137-139, 245
The fundamental investigation in many of these studies revolves around the ability of the
radical ion to rearrange into the captodatively stabilized α-carbon (Cα) radical ion from the initially
formed sulfur-based radical.129 This process occurs via hydrogen atom transfer (HAT) from the
Cα to the sulfur atom. Captodative stabilization of a radical is a result of delocalization of the
unpaired spin over several centers.82, 246 It is particularly large when the atom on which the spin
is formally located (the α-carbon in the current example) is attached to both powerful electrondonating (NH2 in this case) and electron-withdrawing groups (the carboxy group protonated or
coordinated to a metal ion (B and D)). While such a Cα radical is thermodynamically favored, it
is often kinetically hindered by a high activation barrier required for HAT due to the sterically
hindered four-membered cyclic transition state. In addition, the proton has to relocate from the
amine in the S-based radical (A) to the carbonyl oxygen in the Cα-based radical (B). In principle,
this could occur in one of three sequences, concurrently with the HAT (concerted mechanism),
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before (proton first / hydrogen atom second), or after (hydrogen atom first / proton second) the
HAT.

Scheme 2.1. Structures of protonated (A & B) and metal-bound (B & C) Cys
radicals.

Radical cations of cysteine, cysteine methyl ester, and homocysteine, formed through SNO chemistry, have been found to be sulfur-based radicals with calculated barriers to
isomerization of the S-radical to the Cα-radical to be 155 kJ mol-1, 144 kJ mol-1, and 82 kJ mol-1,
respectively.135, 247-248 In larger systems, where both the proton and hydrogen atom transfer steps
are less hindered, barriers to isomerization are substantially lower. For instance, S-based radical
cations of dipeptides GlyCys, γ-GluCys, and the tripeptide glutathione, were found to undergo
facile rearrangements into Cα radical species.136, 138, 245
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The goal of this work is to evaluate the effect of metal ions on the relative energies and
stabilities of the thiyl and Cα radical species of the amino acid cysteine, as well as their propensity
to interconvert via HAT. Due to the multidentate nature of metal ion / amino acid complexes, the
activation barrier for isomerization of S into Cα radical / metal ion adducts (C into D) is expected
to be reduced. The location (S vs. Cα) of the radical in the metal adduct / cysteine radical
complexes will be probed initially using regiospecific ion-molecule reactions (IMR) for the metal
ions Li+, Na+, K+, and Ag+. To supplement the IMR data, and to determine the coordination of the
metal ion, IRMPD spectroscopy data will be combined with theoretical calculations.
Computational methods will be further employed to assess the effect of the metal ions on the
energetics of the complexes and the isomerization mechanisms.

Experimental Section

Materials

All chemicals and reagents were used as received without any further purification. The DLCysteine, lithium chloride, sodium chloride, potassium chloride, silver nitrate, as well as, the
nitrosylating agent tert-butyl nitrite, and neutral reagent dimethyl disulfide, were purchased from
Sigma-Aldrich (Milwaukee, WI). Premixed gas containing 1% nitric oxide in laser grade helium
as well as pure nitric oxide were purchased from AirGas (Chicago, IL). Acetonitrile and methanol
were purchased from Fisher (Pittsburg, PA). Water was purified (18 MΩ) in-house.
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Sample Preparation

Stock solutions were prepared of cysteine at 1 mM in methanol, and of each metal salt
(LiCl, NaCl, KCl, and AgNO3) individually at 1 mM in 1:1 methanol/water. The stock solutions
of cysteine and tert-butyl nitrite were mixed at a 1.5:1 ratio, allowed to react for 5 min, and diluted
10-fold with methanol. The appropriate metal salt was then added to the mixture in a 1:1 mole
ratio with cysteine. All reaction mixtures were diluted 10-fold with methanol before injection.
The formation of the radical ions of interest was achieved through successive isolation of the parent
ion ([Cys(SNO)-H+M]+), CID, and a second isolation of the radical cation ([Cys-H+M]•+, see Eq.
2.1).

Ion-Molecule Reactions (IMRs)

Mass spectrometry experiments were carried out using a Bruker Esquire 3000 quadrupole
ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) modified to conduct ionmolecule reactions as described previously.187
All samples were subsequently introduced into the electrospray ionization (ESI) source of
the mass spectrometer at a flow rate of 5 µL min-1. The nebulizer gas, needle voltage, and
temperature were adjusted to approximately 12 PSI, 4.0 kV, and 250 ⁰C. All other tunable
instrument parameters were optimized to give maximum yield of the desired ions. The isolation
window used in these experiments ranged from 0.7 to 2.0 m/z. The exact value was determined
during the experiment as the width that resulted in the maximum abundance of the desired ion
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while excluding all other ions.

The CID amplitude ranged from 0.40-0.75 V and was

experimentally set to the value that yielded the greatest intensity of the desired fragment ion.
General reactivity was probed through reactions of the cysteine radical / metal adducts with
dimethyl disulfide and nitric oxide. The dimethyl disulfide was degassed via three “freeze-pumpthaw” cycles before introduction into the mass spectrometer. The neutral reagent was introduced
into the trap via a pulsed valve that is synchronized with the software using the auxiliary interface
of the instrument. The duration of the pulse was set to 175 µs. The reaction time was controlled
by a scan delay and was set to 500 ms. No pressure calibration was performed for the reactions
with dimethyl disulfide. Previous measurements indicate that these pulse conditions result in
partial pressures of ~10-7 torr.139 Reactivity with nitric oxide was explored by introduction of the
neutral directly into the trap through the He line from a 1% nitric oxide in He premixed cylinder.
The internal helium regulator was unmodified from normal usage. The scan delay used for this
reaction was 100 ms. The kinetic profiles for the pseudo-first order reaction of the cysteine radical
/ metal adducts with nitric oxide were determined using the 1% nitric oxide in helium tank as
described above. The exponential decay of the reactant radical cation was found by monitoring
the relative ion intensity over a series of delay times (0-5000 ms). Each time point was acquired
in triplicate and averaged for a minimum of 1 min.

Infrared Multiple-Photon Dissociation (IRMPD) Spectroscopy

Gas-phase infrared spectra of cysteine radical metal adducts were acquired using the FEL
beamline at the Centre Laser Infrarouge d’Orsay (CLIO) facility. Solutions were prepared as
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previously described. Radical formation was achieved via CID in the modified ion trap of the
Bruker Esquire 3000+ (Bruker Daltonics, Bremen, Germany) quadrupole ion trap mass
spectrometer. Subsequently, the metal ion - radical complex was mass selected in the ion trap.
Details of the instrumental set-up are described elsewhere.249 IRMPD was performed on the massselected ions and mass spectra were recorded over eight averages with a wavelength step of 4.5
cm-1, and irradiation time of 1 s, and laser power of 700 – 1500 mw. To ensure reproducibility,
each spectrum was acquired twice.

The IRMPD spectra were produced based on

-ln (fragment ion / fragment + parent ion) signal ratio as a function of excitation wavelength. The
fragments monitored corresponded to the neutral losses of 33 and 46 Da for the alkali metal
complexes and 33, 34, and 46 Da for the silver ion adduct (see Figure A4).

Theoretical Calculations

All calculations were performed using the Gaussian09 quantum chemical program.250
Geometries were optimized within the framework of Becke’s three-parameter DFT hybrid
functional, B3LYP, which is based on a mixture of Hartree-Fock exchange and Becke and LeeYang-Parr exchange-correlation functional.251-254 The ECP28MWB basis set

255-256

was used for

the silver atom and the standard Pople Gaussian-type basis set 257-259 was employed for the other
atoms. Extensive surveys of the potential energy surface (PES) were performed for the Ag+ ion /
cysteine radical adducts at the B3LYP/6-31G(d) level and the best structures were then subjected
to further optimization at the B3LYP/6-311++G(d,p) level. All optimized structures were
subjected to vibrational frequency analyses to ensure that they corresponded to either minima (no
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imaginary frequencies) or transition states (one imaginary frequency).
Intrinsic reaction coordinate (IRC) calculations 260 were performed on each transition state
structure, followed by geometry optimizations on the structures produced by the IRC calculations
in order to ensure that the transition states were connected to the appropriate reactant and product
ions. The B3LYP model has been reported to underestimate the energy barriers, thus structures of
particular interest were further optimized at M06 and M06-2X levels.261 Single-point CCSD
calculations using the structure optimized at B3LYP with the 6-311++G(d,p) basis set for the main
group elements and ECP28MWB basis for Ag+ were also calculated to evaluate the barriers to
rearrangement and the relative energies of the two isomers. Additionally, all the structures were
also optimized at the MP2/6-311++G(d,p) level and found to be almost identical to those from
B3LYP calculations.
A scaling factor of 0.976 was applied to the predicted IR spectra as calculated at B3LYP/6311++G(d,p) level. Predicted IR peaks were convoluted using Gaussian profiles with a full-widthat-half-maximum of 30 cm-1.

Results and Discussion

Metal Ion/Cysteine Radical Complex Fromation

The generation of cysteine radical/metal ion complexes was achieved via homolytic
dissociation of the S-NO bond in metallated S-nitrosocysteine under mild CID conditions (Eq.
2.1).
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[Cys(SNO)+M]+  [Cys(S•)+M]+ + •NO

Eq. 2.1

The bond dissociation energy of the S-NO bond in nitrosylated cysteine has been calculated to be
~ 105 kJ mol-1, resulting in specific facile fragmentation and minimal alternative neutral loss
pathways.157 Experimental dissociation energies of the alkali metal cations from metal ion /
cysteine complexes were previously measured by Armentrout and coworkers to be 256, 177, and
121 kJ mol-1, for Li+, Na+, and K+, respectively 236 and there is no reason to expect the dissociation
energy of the metal ion from the cysteine radical to be significantly different. As such, it is not
surprising that considerable amounts of metal ion dissociation were not observed.
In the protonated species, cysteine radical cation generation via S-NO cleavage resulted in
an initial distonic structure with the radical located on the sulfur and the protonated amine bearing
the charge (A). The captodative Cα-based radical structure (B), offered a stabilization of ~ 30 kJ
mol-1.247 The lower energy structure was not observed in the gas phase and this was explained by
the high rearrangement barrier (155 kJ mol-1).218, 247 As for the protonated species, the radical was
initially generated on the sulfur atom in the metal ion complexes (C) via the facile S-NO homolytic
cleavage (Eq. 2.1). The captodatively stabilized, and therefore possibly lower energy, C α-based
radical structures are also likely structures for the metal adducts (D). The coordination sites and
isomerization barriers between structures C and D are the subject of the study below.
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Ion-Molecule Reactions

In order to experimentally probe the radical location, IMRs with nitric oxide and dimethyl
disulfide were performed. Nitric oxide is known to be highly reactive with sulfur radicals in the
gas phase by undergoing a facile radical recombination reaction.137 Cα-based radicals were
suspected of being unreactive towards nitric oxide due to delocalization of the spin over the
backbone of the amino acid. To confirm this hypothesis, a reaction of nitric oxide with the
histidine radical cation, previously shown to be a Cα radical,217 was attempted. No reactivity was
observed. With all alkali metal adducts, the radical recombination reaction resulting in the addition
of the nitric oxide molecule (+30 Da) was observed as the dominant species upon product ion scan
(Eq. 2.2, Figure 2.1A).

[Cys(S•)+M]+ + •NO  [Cys(SNO)+M]+

Eq. 2.2

Reactions of all three alkali metal adducts (Li+, Na+, and K+), as well as the protonated
species used for comparison, progressed to completion following standard pseudo-first order
kinetics. Oxygen addition (+16 Da, see Figure 2.1A) that was observed concurrently with Eq. 2.2
was confirmed to result from reactions with trace NO2 present in the trap.
Unlike the alkali metal adducts, the silver ion / Cys radical complexes, [Cys-H+Ag]•+, did
not progress to completion in the experimental timeframe during IMRs with NO (Eq. 2.2). For
the kinetic studies completed with nitric oxide, relative abundance of [Cys-H+Ag]•+ leveled off at
~75% after reacting for about 400 ms (Figure 2.2). This type of behavior indicates that the sulfur

36

Figure 2.1. IMRs of alkali and silver metal ion complexed Cys radical with nitric
oxide and dimethyl disulfide. a) Product scans for probing the reaction with the
neutral nitric oxide (•NO) delivered via a premixed 1% •NO in He tank and with a
reaction time of 100 ms. Radical combination with nitric oxide results in +30 Da
as indicated. The contaminant peak at +16 Da occurs from reaction with NO2
generated in the line. b) Product scans for probing reaction of the cysteine radical /
metal ion complexes (Li+, Na+, K+, and Ag+) with the neutral dimethyl disulfide
(CH3SSCH3). Disulfide bond transfer results in the addition of •SCH3 (+47 Da) to
the cysteine radical metal ion complex, as indicated with the arrow. The duration
of the pulse was set to 175 µs, and the reaction time was 500 ms.
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Figure 2.2. Kinetic plots displaying the decay of the Cys radical / metal ion
complexes ([Cys-H+Li]•+ in black, [Cys-H+Ag]•+ in red) during reaction with NO.
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radical structure isomerizes to a less reactive isomer, for instance a Cα radical resulting in an
isomeric mixture. We have previously seen this behavior with other sulfur-based radical species,
including the radical cations of glutathione and γGluCys.133, 137-138 In this case, only ~ 25% of the
Cys radical / silver ion complex appears to have the reactive sulfur-based radical structure.
Similar behavior was found with other neutral reagents. Dimethyl disulfide has previously
been shown to be reactive with sulfur radicals, including cysteine and cysteine derivatives,137, 139,
141, 262-264

and unreactive or substantially less reactive with Cα-based radicals.133, 177 As in the

reaction with NO, all alkali metal adducts (Li+, Na+, and K+) were found to be highly reactive with
dimethyl disulfide resulting in the addition of SCH3, +47 Da, in all cases (Figure 2.1B). The Cys
radical / silver adduct initially reacted quickly with dimethyl disulfide, but again ceased to react
within the experimental timeframe. This further suggests that alkali metal adducts of the Cys
radical maintain the sulfur-based radical structure, while the silver adduct species rearranges to
structures in which the radical is in non-reactive locations such as in the Cα radical (vide infra).

Gas-Phase Fragmentation

Fragmentation patterns of the cysteine metal adduct radical cations were investigated to
further confirm the radical location (see Figure 2.3). The primary neutral losses of the protonated
cysteine thiyl radical have previously been identified experimentally as •COOH, CH2S, •CH2SH,
and H2S,157 and studied in detail theoretically.247 Cysteine radicals complexed to alkali metal ions
(Li+, Na+, and K+) displayed similar fragmentation patterns, with prominent CH2S and •SH losses
in all spectra, although the losses of •COOH and •CH2SH were not observed at all. Metal ion
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Figure 2.3. Fragmentation mass spectra generated via low energy CID of A)
[Cys(S•)+Li]+, B) [Cys(S•)+Na]+, C) [Cys(S•)+K]+, D) [Cys(S•)+Ag]+. Common
neutral loss fragments of interest are indicated.
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coordination eliminates amine protonation and restricts the loss of H2S where both hydrogens
come from the amine,157 thus the loss of •SH is observed instead of H2S. The loss of CH2S, seen
in all spectra, is of particular interest, as this ion will only form via low-energy fragmentation
channels if the radical is located on the sulfur atom.157, 247 The CID of the Cys radical / Ag+ adduct
yielded similar fragmentation to the alkali metal adducts in that both CH 2S and •SH losses are
observed. However, an additional loss of H2S was also present. The combination of these
fragmentation channels in the silver adduct suggests a mixture of structures in the gas phase, which
further supports the IMR data.

Infrared Multiple Photon Dissociation Spectroscopy

In order to further investigate the structure of the metal complexed radical cations, IRMPD
spectroscopy of these species was performed. The experimental IRMPD spectra were obtained
individually for each of the metal cations (Li+, Na+, K+ and Ag+) complexed with the cysteine
radical (Figure 2.4). Similarity in IRMPD bands between all three alkali metal adducts suggests
analogous structures. Most importantly, the characteristic carbonyl stretch of the -COOH moiety
is observed consistently above 1700 cm-1. A strong absorption in this region has previously been
utilized to identify sulfur-based radicals of cysteine and its derivatives as opposed to Cα-based
species.135, 139, 218 Other common bands in the alkali metal ion adduct spectra occur near 1425 cm1

, 1150 cm-1, and 970 cm-1, which correspond to the H-Cβ-H bends in the amino acid side chain,

the bending motion of the C-O-H group, and the wagging motion of the NH2 group, respectively.
The IRMPD spectrum of the Cys radical / Ag+ adduct has similar absorption, but is substantially
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Figure 2.4. Experimental IRMPD spectra of [Cys-H+Li]•+, [Cys-H+Na]•+, [CysH+K]•+, and [Cys-H+Ag ]•+. The intensities of the spectra are calculated using the
fragmentation yield under IRMPD; spectra are normalized and displayed as
arbitrary units.
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more complicated than those of the alkali complexes and possesses several additional absorption
bands. This suggests contributions from more than one isomer in the gas phase.
To identify experimental structures, DFT calculations were carried out and vibrational
spectra in the experimentally acquired region were simulated for several low-energy structures at
the B3LYP/6-311++G(d,p) level. For all alkali metal complexes, the theoretical IR spectra of the
four lowest energy structures are shown (Figure 2.5 and Figure A1). At this level of theory, the
bidentate (O, S) Cα radical (Cα-1) structure was found to have the lowest energy, followed by the
tridentate (O, N, S) sulfur-based radical species (S-1). The notable exception is for the lithiumcontaining ion where the MP2 and CCSD calculations give a very slight preference for the S-based
radical (by 4.8 and 8.6 kJ mol-1 respectively) although the geometries predicted at B3LYP and
MP2 levels are almost identical (Figure A2). Two other low-energy structures were identified, a
zwitterionic species (S-2 (O,O)), and a bidentate sulfur-based radical (S-3 (O, N)). While the
structures may have small differences depending on the alkali metal ion, the radical and
coordination sites are the same throughout the set of these metals. All the reported energies
hereafter are enthalpies at 0 K relative to the sulfur-based radical species S-1.
All experimental spectra for the alkali metal ion adducts display the best match with S-1
(Figure 2.5 and Figure A1). Contributions from S-3 cannot be ruled out entirely based on the IR
absorbance; however, the consistently higher energy of the S-3 structure makes any mixture
unlikely (36.2, 35.5 and 27.6 kJ mol-1 from B3LYP/6-311++G(d,p) calculations for Li+, Na+, and
K+ adducts, respectively). Conversely, S-2 and Cα-1 are unlikely to be present in the Li+ and Na+
adducts based on the lack of match for major bands, especially the carbonyl stretch, compared to
the experimental spectra. However, a small contribution from S-2 or S-3 cannot be excluded for
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Figure 2.5. (A) Experimental (black) and theoretical (red) spectra of [Cys-H+Na]•+.
(B) The four lowest energies structures of [Cys-H+Na]•+. Enthalpies (Ho0) and
free energies (Go298, in parenthesis) in kJ mol-1 are relative to the S-1 ion and
calculated at the B3LYP/6-311++G(d,p) level of theory. FWHM of IRMPD bands
were set to 30 cm-1, and was scaled using the factor of 0.976.
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the K+ complex due to the increased absorption at ~ 1400 cm-1 (Figure A1). In summary, all three
alkali metal ion adducts of cysteine radicals were found to have predominantly the S-1 structure
in the gas phase.
The experimental IRMPD spectrum of the Ag+ adduct is more complicated. An extensive
structure search including sulfur-, Cα-, Cβ- and nitrogen-based radical species, as well as the
product ions involving the Ag+ ion inserting into the Cβ-S bond (vide infra) have been employed
in order to find a suitable theoretical spectrum to match the experimental one (Figure A3). Figure
2.6 shows the theoretical IR spectra of four low-energy [Cys – H + Ag]•+ isomers (S-1, Cα-1,
AgSH-1, and AgSH-2) and their structures are displayed in Figure 2.7. The structures of S-1 and
Cα-1 of the Ag+ adducts are comparable to the corresponding alkali metal ion complexes (Figure
2.8) while AgSH-1 and AgSH-2, which correspond to insertions of the Ag+ ion into the Cβ-S bond
of the Cα-based radical, are lower in energy than S-1 (Figure 2.7). The majority of the absorption
bands for the S-1 structure are present in the experimental spectrum.

However, there are

absorption bands at ~1675 and ~1500 cm-1 in the experimental spectrum that are absent in the S-1
predicted IR spectrum. These can be explained by contributions from Cα-1, AgSH-1, and AgSH2. While we cannot easily estimate the relative contribution of different isomeric structures, a
composite trace of all four structures in equal proportions accounts for all major bands in the
experimental spectrum (Figure 2.6, trace LC). Although the quality of this match is not as good
as that for the alkali metal complexes, it is quite probable that the complex of Ag+ with the cysteine
radical exists as a mixture of the S-1 species and other isomers in the gas phase. This is in contrast
to the alkali metal complexes where there was an excellent agreement between the simulated
absorption bands for the S-1 structure and the experimental IRMPD spectra.
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Figure 2.6. Theoretical spectra (red) of [Cys-H+Ag]•+ isomers C -1, Ag-SH2, AgSH1, S-1, and a linear combinations (LC) of all four, and experimental (black)
IRMPD spectrum of [Cys-H+Ag]•+. Calculations were performed at the B3LYP/6311++G(d,p) level of theory. FWHM of absorbance bands were set to 30 cm-1, and
was scaled using the factor of 0.976.
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Figure 2.7. Energy profiles for isomerization of the cysteine radical complexed with
a silver ion. Enthalpies (Ho0) and free energies (Go298, in parentheses) in kJ mol1
are relative to the S-1 ion and calculated at the B3LYP/6-311++G(d,p) level of
theory.

47

Figure 2.8. Energy profile for isomerization of the cysteine radical complexed with
a lithium ion. Both sodium and potassium metal ion / cysteine radical complexes
follow similar pathway of isomerization as lithium ion. Enthalpies (Ho0) and free
energies (Go298, in parentheses) in kJ mol-1 are relative to the S-1 ion and
calculated at the B3LYP/6-311++G(d,p) level of theory.
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Recently, Armentrout’s group studied complexes of Zn2+ and Cd2+ with deprotonated Cys,
[Cys-H+M]+, by IRMPD spectroscopy.240 While the [Cys-H+Zn]+ and [Cys-H+Cd]+ complexes,
deprotonated at sulfur, have closed-shell electronic structures with formal M2+/S- interactions,
their geometric features are remarkably similar to those of the open-shell radical cations [CysH+M]•+, where there is formally an M+/S• interaction. One notable difference in the IRMPD
spectra of [Cys-H+Zn]+ and [Cys-H+Cd]+ is that the carbonyl absorption bands of these complexes
are significantly red-shifted below 1700 cm-1, most likely due to the +2 formal charge on the metal
ion.

Sulfur- to Cα-Based Radical Isomerization Pathway

A tridentate configuration (S-1), where the metal is coordinated to the amine N, carbonyl
O, and the thiyl S, was calculated as the lowest energy sulfur-based radical species. The lowestenergy Cα-based radical complexes offered even greater stabilization than in the protonated species
(34.4, 39.0, and 48.2 kJ mol-1, for Li+, Na+ and K+, respectively, vs. 26.2 kJ mol-1 for H+, all from
B3LYP/6-311++G(d,p) calculations), and were consistently bidentate (O, S) species Cα-1 (see
Table 2.1 for a summary of theoretical values). The calculated isomerization pathway for the
formation of the Cα-1 structure from S-1 involves migration of the metal ion away from the amine
group to produce a bidendate immediate. The subsequent 1,3-hydrogen atom transfer (HAT) from
Cα to the sulfur atom is the critical step (TS-2 in Figure 2.8). Energy barriers via this pathway
from B3LYP/6-311++G(d,p) calculations were 105.1, 96.3 and 87.7 kJ mol-1 for Li+, Na+ and K+,
respectively, compared to 155.2 kJ mol-1 for the protonated species.247 B3LYP calculations
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Table 2.1. Enthalpies and free energies (in parentheses) in kJ mol-1 for the C-1
structure (top) and the transition state TS-2 (bottom) relative to S-1 as calculated
at different levels of theory[a]

H+
Li+
Na+
K+
Ag+

B3LYP
-26.2 (-25.5)
-34.4 (-37.0)
-39.0 (-41.6)
-48.2 (-50.7)
-33.0 (-34.1)

M06
-22.7 (-21.7)
-26.6 (-28.8)
-31.9 (-35.2)
-36.5 (-39.5)
-21.5 (-22.9)

M06-2X
-16.6 (-15.5)
-16.1 (-19.0)
-21.2 (-23.9)
-27.8 (-29.9)
-50.6 (-50.9)

MP2
8.4 (7.7)
4.8 (2.2)
-5.0 (-7.5)
-10.0 (-12.3)
-36.4 (-35.9)

CCSD[b]
9.2 (9.9)
8.6 (5.9)
-3.4 (-5.9)
-7.0 (-9.5)
-43.8 (-44.8)

H+
Li+
Na+
K+
Ag+

155.2 (158.7)
105.1 (105.3)
96.3 (96.7)
87.7 (88.7)
92.0 (92.8)

152.3 (155.4)
108.3 (108.9)
99.6 (99.3)
94.1 (94.4)
98.4 (99.3)

169.3 (173.1)
125.3 (125.3)
116.4 (116.9)
107.8 (107.9)
80.1 (81.7)

194.7 (198.5)
145.9 (146.0)
131.8 (132.3)
124.7 (125.8)
92.8 (95.2)

196.4 (199.8)
152.7 (152.9)
137.5 (137.8)
132.0 (133.0)
89.4 (90.2)

[a]

The 6-311+++G(d,p) basis set was used for the main-group elements, and the
ECP28MWB basis set was used for silver. [b] Single-point energy based on the
geometry optimized at B3LYP/6-311++G(d,p) level.
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frequently underestimate barriers and an examination of the data in Table 2.1 shows that the
calculated barriers for conversion of S-1 into the Cα-1 isomer for the alkali metal complexes
increase monotonically along the sequence B3LYP < M06 < M06-2X < MP2 < CCSD.
Similarly, the cysteine radical / silver ion adduct can undergo the same isomerization
mechanism to produce the Cα-1 structure (Figure 2.7). At the B3LYP level the barrier to this
rearrangement is comparable to those for both the sodium- and potassium-containing complexes,
arrange. However, as the level of theory was changed, the calculated barrier for the Ag+ complex
was almost invariant and at the CCSD level this barrier was 89.4 kJ mol-1 compared with 152.7,
137.5 and 132.0 kJ mol-1, for Li+, Na+ and K+, respectively. These data are consistent with the
experimental observation that the S-1 complex containing silver rearranges, but the alkali metal
containing complexes do not.
A further difference is that the Cβ-S bond in the Cα-1 structure is significantly weakened
by the Ag+ ion. This allows the Cα-1 structure to further rearrange into AgSH-1 via insertion of
Ag+ ion into the Cβ-S bond (TS-3, Figure 2.7). Finally, rotation about the Cα-C bond can produce
AgSH-2 which has comparable energy to the Cα-1 structure. Notably, the barriers against the
insertion of Ag+ ion into the Cβ-S bond and the rotation of Cα-C bond are both lower than that for
the HAT (TS-2). Hence, structures Cα-1, AgSH-1, and AgSH-2 are likely to coexist in the gas
phase. The different behavior of the Ag+ compared to the alkali metal ions can also be rationalized
in terms of hard and soft acid/base theory.265 The soft silver ion interacts more strongly with sulfur
and has a propensity to insert into covalent bonds, while the hard alkali metal ions tend to form
only electrostatic complexes.
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Conclusion

The versatile S-nitroso chemistry was utilized to form and characterize gas-phase sulfurbased cysteine radicals cationized by group 1A metal ions or Ag+. Both ion-molecule reactions
and infrared multiple photon dissociation spectroscopy indicated that the Li+, Na+, and K+ adducts
of cysteine radical remain sulfur-based radicals as initially formed. Density functional theory
(DFT) calculations, however, revealed that the most stable isomer of these metal adducts is a C αbased radical bound to an alkali metal ion via a bidentate (O, S) mode.

At the B3LYP/6-

311++G(d,p) level these Cα-based radical species were calculated to be lower in energy than the
initially formed S-based radical by 34.4, 39.0, and 48.2 kJ mol-1, for Li+, Na+, and K+, respectively.
This represents higher stabilization of the α-carbon radical in the alkali metal ion adducts compared
to the protonated species (26.2 kJ mol-1) reported previously.247 The associated barriers for the Sto-Cα-based radical migration were found to be 105.1, 96.3, and 87.7 kJ mol-1 for Li+, Na+, and K+,
respectively. This compares with the barrier of 155.2 kJ mol-1 for the cysteine radical cation,247
which indicates significant stabilization of the transition state by the metal ions. Extending the
level of DFT theory to M06 and M06-2X lowered the energy difference between the S and Cα
structures, and resulted in higher barriers to rearrangement. These trends continued when MP2
and CCSD calculations were used. However, in these calculations the S-1 isomer containing
lithium was found to have lower energy than the Cα-1/ Li+ complex. All the calculated barriers
for the Li+, Na+, and K+ species are too high to allow S-to-Cα-based radical migration under the
near-thermal conditions in the quadrupole ion trap. Recently, we have shown that alkali metal ion
complexation also decreases the Cα-to-S HAT barrier of the homocysteine radical cation.248 Due
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to the less constrained geometry in the 1,4 HAT for homocysteine, the metal ions were able to
facilitate HAT and form the Cα-based radical, which was not seen in the protonated radical cation
139, 248

.
The cysteine radical complexed with Ag+ displayed a different behavior. The initially

formed S-based radical reacted with both NO and CH3SSCH3 for a period of time after which the
reactivity ceased, indicative of rearrangement to structures in which the radical is less localized.
IRMPD spectroscopy gave similar results, suggesting the presence of the S-based species and
several more isomers. DFT calculations were utilized to investigate the potential structures, and it
was found that some of them fit the experimental IRMPD spectrum well enough to complement
the signature bands of the initially formed S-based radical structure. At all levels of theory the
barrier to rearrangement of the Ag+ species was found to be ~ 90 kJ mol-1. At the higher levels of
theory, this is considerably lower than the corresponding barriers in the alkali metal ion adducts.
This can make hydrogen atom transfer plausible, which explains the different experimental
behavior exhibited by the Cys radical / silver ion complex.

CHAPTER 3
HYDROGEN ATOM TRANSFER IN ALKALI METAL ADDUCTS OF
THE HOMOCYSTEINE RADICAL i

Abstract

Intramolecular hydrogen atom transfer (HAT) was examined in homocysteine (Hcy) thiyl
radical/alkali metal ion complexes in the gas phase by combination of experimental techniques
(ion-molecule reactions and infrared multiple photon dissociation spectroscopy) and theoretical
calculations. The experimental results unequivocally show that metal ion complexation (as
opposed to protonation) of the regiospecifically generated Hcy thiyl radical promotes its rapid
isomerization into an α-carbon radical via HAT. Theoretical calculations were employed to
calculate the most probable HAT pathway and found that in alkali metal ion complexes the
activation barrier is significantly lower, in full agreement with the experimental data. This is, to
our knowledge, the first example of a gas-phase thiyl radical thermal rearrangement into an αcarbon species within the same amino acid residue and is consistent with the solution phase
behavior of Hcy radical.

i

The material presented in this chapter was previously published as: Lesslie, M.; Lau, J. K.-C.; Lawler, J. T.; Siu, K.
W. M.; Oomens, J.; Berden, G.; Hopkinson, A. C.; Ryzhov, V., “Alkali-metal-ion-assisted hydrogen atom transfer in
the homocysteine radical,” Chem. - Eur. J. 2016, 22, 2243-2246. It is reproduced by permission of John Wiley and
Sons.
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Introduction

Homocysteine (Hcy), an analogue of Cys, is biosynthesized via demethylation of
methionine and is normally present in blood plasma at concentrations of 5 - 15 μM.266 Severely
elevated levels of Hcy (> 100 μM) have been implicated as an independent risk factor for
cardiovascular diseases via a condition known as hyperhomocysteinemia.267-268 In addition, it has
been shown that increased Hcy levels are linked to Alzheimer’s disease, birth defects and
osteoporosis.269 The specific molecular mechanisms involved in these pathologies have not been
fully established.270-271 Studies are ongoing to elucidate relationships between Hcy and oxidative
stress.272-273
One of the important chemical properties of Hcy is its ability to form a thiyl (S-based)
radical, which can reversibly convert into the slightly more stable α-carbon-based radical (Cα).52,
129

While Hcy only differs from Cys by an additional methylene linkage, the effect of this

difference on the rates to interconversion is quite profound. The intramolecular hydrogen atom
transfer (HAT) resulting in a S-to-Cα radical isomerization in an alkaline solution was ~10 times
faster in Hcy than Cys thiyl radicals (this was also later shown to occur at physiological pH by the
Strongin group).270, 274 This difference is a direct consequence of the extra methylene linkage as
it affords a 5-membered cyclic transition state during HAT in Hcy, compared to a 4-membered
cyclic structure for Cys.
We were not able to reproduce the HAT in gas-phase experiments involving Hcy thiyl
radical protonated at the amine (Scheme 3.1 A).139 This, however, was expected according to
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Scheme 3.1. Structures of the protonated and metal-bound Hcy thiyl radical.

works by Schöneich et al. who found that the HAT rate decreases ~10-fold when the charge is
located on the amine next to the Cα.2 While in solution this can be circumvented by raising the
pH, gas-phase ion experiments must rely on charge/sign placement. Our attempts to form the thiyl
radical anion of Hcy, deprotonated at the C-terminus, were unsuccessful. Herein we explore alkali
metal ions as an alternative means of introducing charge and their effect on the HAT in the Hcy
radical.
Our approach relies on the hypothesis that using metal ions as charge carriers greatly
reduces the positive charge on the amino group. In this scenario, some combination of the carbonyl
O, S• and amino N is coordinated to the metal ion thereby distributing the positive charge (Scheme
3.1 B). Detachment of the amino group from the metal ion in structure B is a relatively low energy
process and the lone pair on the free NH2 assists in stabilizing the incipient Cα-based radical
through the captodative effect.129
Building on the earlier successful characterization of both Cα217 and thiyl218 amino acid
radicals by infrared multiple photon dissociation (IRMPD) action spectroscopy, our group has
developed a three-pronged approach to studying radicals in the gas phase. We have shown that a
combination of gas-phase ion molecule reactions (IMR), IRMPD spectroscopy, and density
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functional theory (DFT) calculations has been effective in the characterization of several cysteine
derivatives and cysteine-containing peptides.133, 135-136, 138-139 In this work, S-based radical cations
are initially formed via the well-documented S-NO homolytic bond cleavage,157 which is
independent of the charging species (proton (structure A) or metal ion (structure B)). These ions
are then subjected to regiospecific IMRs for initial screening of radical location in our modified
ion trap MS.187 Full structural elucidation is accomplished via IRMPD spectroscopy and compared
to theoretically predicted IR absorption spectra. This produces full characterization (reactivity and
structure) of the radical cations. In this study, we first compare the reactivity of Hcy radical cation
[Hcy]•+ and alkali metal (Li+, Na+, and K+, generally indicated as M+) bound Hcy ions, [HcyH+M]•+. We then present IRMPD spectroscopy data and DFT calculations on the structure of
metal-ion-bound Hcy radicals not previously studied.

Experimental Section

Materials

All chemicals and reagents were used as received without any further purification.
Homocysteine, lithium chloride, sodium chloride, potassium chloride, tert-butyl nitrite, were
purchased from Sigma-Aldrich (Milwaukee, WI). Premixed gas containing 1% nitric oxide in
helium was purchased from Airgas (Chicago, IL). Methanol was purchased from Fisher
(Pittsburgh, PA). Water was purified (18MΩ) in house.

57
Solution Preparation

A stock solution of homocysteine was prepared to 1mM in methanol. Each metal solution
was prepared to 1mM in 1:1 methanol/water. A mixture of homocysteine and tert-butyl nitrite in
a ratio of 1.5:1 was allowed to react for 5 minutes before being diluted 10 fold with methanol. The
protonated Hcy radical cation, [Hcy]•+ was directly injected after a 10-fold dilution in methanol.
For the metallated species, the metal solution prepared above was mixed in a ratio of 1:1 with the
nitrosylated homocysteine solution. This solution was then diluted another 10 fold with methanol
before injection.

Ion-Molecule Reactions (IMRs)

Mass spectra were acquired on a modified Bruker Esquire 3000 quadrupole ion trap mass
spectrometer. Modifications were made to conduct ion-molecule reactions, the details of which
have been previously described.187 Sample solutions were introduced to the electrospray ionization
source (ESI) via a syringe pump set to 5 µL min-1. The nebulizer gas, needle voltage, and
temperature were adjusted to 10 PSI, 4.0 kV, and 250ºC. All other tunable parameters were
optimized to give maximum yield of the desired ions. The isolation window used for the
experiments ranged from 0.7 to 2.0 m/z which was adjusted to provide maximum abundance of
the radical of interest to the exclusion of all other ions. Metal adduct radical formation was initiated
by first isolating the parent complex [Hcy(S-NO)-H+M]+ and applying CID to form [Hcy-H+M]•+
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which was subsequently isolated. The protonated species was produced in the same manner but
without the metal ion.
Isolated radical complexes were subjected to IMRs with nitric oxide. The reagent was
introduced to the instrument directly through the helium line. The internal helium regulator was
unmodified from normal usage. A scan delay was used to alter the time the reagent would have to
react with the radical. The range of the delay was identified by finding the point at which the
reaction went to completion or stopped reacting. This range was set at 0-250 ms, during which
time spectra were acquired, in triplicate, at regular intervals over a period of 1 minute. The
unreactive metallated radical adduct, [Hcy-H+M]•+,

Infrared Multiple Photon Dissociation (IRMPD) Spectroscopy

Gas-phase infrared spectra of homocysteine radical metal adducts were acquired using the
FEL beamline at the Free Electron Lasers for Infrared eXperiments (FELIX) facility at Radboud
University in the Netherlands. Solutions were prepared as described above with the modification
of 1mM final concentrations. Experiments were performed using the facility’s FT-ICR mass
spectrometer that was fitted with an orthogonal Z-spray ionization source.201, 275 [Hcy-H+K] •+
was generated by CO2 laser induced dissociation of the nitrosylated precursor ion (m/z=203) in
the ICR cell. Generation of the other metallated radical ions was achieved via “in-source” ion
dissociation. Previous studies have shown that this type of ion dissociation produces the same
radical cations as CO2-laser induced dissociation.139 The radical was subsequently isolated using
a stored waveform inverse Fourier transform (SWIFT) pulse. The IR spectra were produced by

59
scanning the FEL in 5 cm-1 increments between 700 and 1840 cm-1 and concomitantly monitoring
the product/precursor ion intensities at each frequency after irradiation with 20 laser pulses of the
FEL.276 For [Hcy-H+Li]•+ and [Hcy-H+K]•+ no (or only a very few) product ions were observed
and the IR spectra reported here are obtained by plotting the depletion of the parent ion as function
of infrared laser frequency. The homocysteine radical / metal adduct for potassium, [Hcy-H+K]•+,
was particularly difficult to generate in the FT-ICR. This resulted in lower signal-to-noise (S/N)
for the IRMPD spectra of this ion. The S/N was sufficient for identification of absorptions bands
which matched well those of the other ions. For [Hcy-H+Na]•+, at m/z 157, two fragment ions
were observed (m/z 113 and 80) corresponding to the loss of CO2 and the combined loss of CO2
and •SH, respectively. In this case the IRMPD yield was determined using the normalized ratio of
fragment to total ion intensity and plotted as function of the IR laser frequency. All IR spectra
were linearly corrected for changes in FELIX power over the spectral range.

Density Functional Theory Calculations

Geometry optimization and harmonic vibrational frequencies were determined using the
Gaussian09 suite of programs at the B3LYP/6-311++G(d,p) level.252-254, 257-258, 277 All structures
were characterized by harmonic frequency calculations; intrinsic reaction coordinate (IRC)
calculations260 were used to determine the two minima associated with each transition structure.
Frequency correction was applied using scaling factors of 0.976 for Li+ and 0.965 for Na+ and K+,
known to appropriate for DFT comparisons with IRMPD,217 and band frequencies were convoluted
using Gaussian profiles with a full-width-at-half-maximum of 30 cm-1.
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Results and Discussion

Nitric oxide (NO) has previously been shown to be highly reactive with sulfur-based
cysteine radicals and unreactive with Cα-based radicals in the gas-phase.137 This regioselectivity
makes NO a suitable indicator of radical location in Hcy radical cations. Gas-phase reactions with
NO revealed high reactivity for [Hcy]•+ and no reaction for any metallated species [Hcy-H+M]•+
(M = Li, Na, or K). Full kinetic profiles for these ion types are displayed in Figure 3.1. The linear
trend for [Hcy]•+ decay indicates pseudo-first order kinetics and is clear evidence that the radical
remains localized on the sulfur atom. This agrees with the previously determined structure of the
protonated Hcy radical.139 The lack of any reactivity of the metal ion / radical complexes suggests
that there is either a fast hydrogen atom transfer converting the S•-radical to the Cα-radical or,
possibly, a sizeable reduction in S-radical reactivity due to sulfur-metal coordination.
In order to determine the nature of reactivity loss for the Hcy radical / alkali metal ion
complexes, IRMPD action spectroscopy was employed to ascertain the structure of the ions. The
experimental gas-phase IR action spectrum in the fingerprint region was obtained for each of the
metal complexes [Hcy-H+M]•+ (M = Li, Na, K) (Figure 3.2). The similar positions and intensities
of absorption bands in these spectra strongly suggest analogous structures for all three radical /
metal ion complexes. While the [Hcy-H+K]•+ species suffered from a decreased signal-to-noise
ratio due to low ion counts, the absorption bands are still clearly discernible. Interestingly, in all
of the experimental IRMPD spectra there is a notable absence of a strong absorption above 1700
cm-1 typically ascribed to the stretching of a free carbonyl group. We have previously used this
band to identify S-based radical structures, including the protonated homocysteine radical where
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Figure 3.1. Decay of the radical cation during reaction with NO. None of the
metal ion (Li+, Na+, or K+) / radical adducts produced measurable reactivity.

62

Figure 3.2. Experimental IRMPD spectra of [Hcy-H+Li]•+, [Hcy-H+Na]•+, and
[Hcy-H+K]•+ collected at the FELIX facility.
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it occurs at 1780 cm-1, as opposed to Cα-based ones where it was significantly red-shifted due to
protonation of the carbonyl and conjugation of the backbone.133, 139 The presence of the metal ion
complicates the empirical interpretation of these spectra, as coordination of the metal to the
carbonyl would similarly red-shift the absorption band.
To better understand the experimental IR spectra, theoretical calculations were performed
to predict absorption bands of possible metal bound homocysteine radical structures (Figure 3.3
and B1-2). For all three metals, the Cα-based radicals with bidentate (S,O) metal configuration
(Cα-1) were found to be at the global minima lower in energy by ~ 40-50 kJ mol-1 relative to the
best sulfur radical species (Table 3.1, S-1). A second low-energy bidentate (O,O) Cα-based radical
structure (Cα-2) was also found. A third bidentate (N,O) structure (Cα-3) was consistently higher
in energy; this is attributed to weak electron donation to the radical center from the amino group
resulting in a reduction in captodative stabilization. The lowest energy S-based radical (S-1) had
a tridentate metal binding configuration (S,N,O). Therefore, as the ion is initially formed on the
sulfur, it can be assumed that S-1 represents the most likely S-based radical structure of the ion.

Table 3.1. Energies of barriers to isomerization and C-1 structures relative to S-1.
The enthalpies and free energies (in parentheses) as calculated at the B3LYP/6311++G(d,p) level.
Radical Species

Critical TS
(kJ mol-1)

Cα-Radical
(kJ mol-1)

[Hcy]•+
[Hcy-H+Li]•+
[Hcy-H+Na]•+
[Hcy-H+K]•+

82.0 (82.0)
62.5 (64.4)
48.0 (49.5)
42.2 (44.0)

-28.6 (-27.1)
-39.7 (-43.0)
-43.3 (-48.0)
-51.7 (-54.0)
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Figure 3.3. Low-energy structures of [Hcy-H+Li]•+. Enthalpies (Ho0) and free
energies (Go298, in parenthesis) in kJ mol-1 are relative to the S-1 ion. All distances
are in Å.
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Figure 3.4. Experimental (black) and theoretical (red) IR spectra for [Hcy-H+Li]•+.
Theoretical spectra were calculated at the B3LYP/6-311++G(d,p) level and with a
scaling factor of 0.976.
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Comparison of the experimental and theoretical IR spectra in the 850 - 1850 cm-1 region reveals
the Cα-1 species to give the best and only satisfactory agreement for all metal ions (Figure 3.4 for
Li+ and Figure B1-2 for Na+ and K+). A contribution from the S-1 species can be entirely excluded
based on the absence of a carbonyl stretch band predicted at ~ 1725 cm-1. Contributions from the
Cα-2 structure are also unlikely due to the poor fit. It is apparent that for all the [Hcy-H+M]•+ ions
the Cα-1 structure is the only one present in significant amounts in the gas phase.
As the initial sulfur radical is generated via S-NO homolytic cleavage, there must be a
subsequent facile rearrangement to form the Cα-based species. Examination of the potential energy
surfaces yielded a two-step isomerization pathway (Fig 3.5) common for the Li+, Na+ and K+
adducts. In the initial step, coordination with the NH2 is broken via the first transition state (TS1); this results in a bidentate (O,S) sulfur radical intermediate. Subsequently, the hydrogen atom
transfer from Cα to S• occurs with a slightly larger barrier resulting in the Cα-1 structure. The
isomerization was also calculated with the direct 1,4 HAT occurring before the metal migration.
However, this pathway was found to be markedly higher in energy (Figure B3).
The barriers against which [Hcy-H+M]•+ ions convert from S-1 to Cα-1 are lower by at
least ~ 20 kJ mol-1 than the relevant barrier on the [Hcy]•+ potential energy surface (Table 1).
Furthermore, the mechanisms by which these rearrangements occur are distinctly different. In the
critical transition state (TS-2) for the [Hcy-H+M]•+ systems the metal ion formally carries the
charge and is strongly coordinated to both S• and the carbonyl oxygen, leaving the NH2 free to
assist in the stabilization of the nascent captodative Cα-1 structure. By contrast, the S-1 conformer
of [Hcy]•+ that undergoes the 1,4-HAT has the charge formally located on the NH3+ and this is
stabilized by hydrogen bonding with the S• and the carbonyl oxygen (Figure B4). In this
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Figure 3.5. Energy profile for the S-to-Cα radical isomerization of [Hcy-H+Li]•+.
All other metal ion / Hcy radical complexes investigated resulted in the same
pathway. Enthalpies (free energies in parentheses) are given in kJ mol-1 and are
relative to the S-1 ion.
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rearrangement a proton is initially transferred to the sulfur and then in the step with the highest
barrier (82 kJ mol-1) the SH•+ group rotates away from the NH2 to a structure in which it is close
to the carbonyl oxygen. In the final step the hydrogen atom on the α-carbon is transferred to the
carbonyl oxygen with the migration being assisted by the sulfur atom. A similar isomerization
mechanism was found in the methionine radical cation.278 For isomerization of the homocysteine
radical cation, the straightforward pathway of a 1,4 HAT followed by proton migration to the
carboxyl group resulted in a substantially higher barrier (132 kJ mol-1).139

Conclusion

In conclusion, the combination of IMR, IRMPD, and theoretical calculations reveals facile
S-to-Cα radical rearrangement in alkali metal complexes of the homocysteine radical (Structure
B). This is in contrast with the equivalent rearrangement in [Hcy]•+ (Structure A) where hydrogen
migration from Cα-to-S is not observed in the gas phase under thermal conditions.139 Theoretical
calculations reveal both thermodynamic and kinetic rationale for this difference. Alkali metal ion
coordination provides substantially greater stabilization to the Cα-based species vs the S-based
radical cation, as compared to [Hcy]•+ (indicated by an additional ~ 11-23 kJ mol-1 (Table 1)). The
calculated isomerization pathways clearly show a significantly lower barrier for Cα-to-S hydrogen
atom transfer by the introduction of an alkali metal ion (42-63 kJ mol-1 for metallated species vs.
82 kJ mol-1 for the protonated radical (Table 1)).
While there has been a considerable amount of work examining metal ion / amino acid
complexes in the gas phase,205, 241 few studies have looked at the effect of metal ions on radicals.
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Alkali metals have been shown to stabilize polyglycol radicals,242 and have been used to eliminate
the mobile proton in peptide radicals.191 In this work we show that metal ion complexation to the
Hcy thiyl radical induces facile HAT. To our knowledge, this is the first example of a gas-phase
study where conversion of an S•-radical into a Cα- radical via hydrogen atom transfer occurs within
a single amino acid residue. This opens the possibility of using metal ions as charge carriers to
modulate the Cα-to-S hydrogen atom transfer barrier. Preliminary IMR data indicate that alkali
metal ions lower the rearrangement barrier not only in Hcy, but also in several peptide systems
(glutathione, GluCys, see Figure B5). Future studies will focus on investigating those systems in
greater detail.

CHAPTER 4
GLUTATHIONE RADICAL ALKALI METAL ION COMPLEXES i

Abstract

Isomerization of the glutathione thiyl radical via hydrogen atom transfer (HAT) in its
complexes with various singly and doubly charged metal ions was studied both experimentally
and computationally. The glutathione thiyl radical/metal ion complexes were generated in a
quadrupole ion trap mass spectrometer via collision-induced dissociation of S-nitrosoglutathione
cationized by the metal ion of interest. The degree of HAT was monitored by gas-phase ionmolecule reactions of these complexes with nitric oxide – the initially formed thiyl radical species
were shown previously to be reactive towards NO while the -carbon (C) radicals were not. It
was found that group IA metal ions facilitate HAT in the order K+>Na+>Li+>H+. This correlates
well with the order of relative stability of the resulting C species determined by density functional
theory (DFT) calculations. Conversely, the glutathione thiyl radicals complexed by three different
doubly-charged metal ions (Mg2+, Zn2+ or Ni2+) did not undergo HAT, thereby remaining the Sbased radical species. This was rationalized in terms of the substantially smaller thermodynamic
benefit of HAT in the case of Mg2+and Zn2+ and even the endothermicity of this process for Ni2+,

i

The material presented in this chapter has been submitted for publication as: Lesslie, M.; Lau, J. K.-C.; Pacheco, G;
Lawler, J. T.; Siu, K. W. M.; Hopkinson, A. C.; Ryzhov, V., “Hydrogen atom transfer in metal ion complexes of the
glutathione thiyl radical,” Int. J. Mass Spectrom. 2017. (Under review).
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as predicted by the DFT calculations. Additionally, for the glutathione radical/Ni2+ complex a
possibility of iminol-type binding (as opposed to the “classical” keto form) to the metal ion was
investigated computationally. It was found that the iminol structures are lower in energy than the
keto ones, similar to the situation in the even-electron peptide/Ni2+ complexes.

Introduction

Glutathione (GSH), a tripeptide with the sequence -GluCysGly is one of the most common
native biological antioxidants. It is found in high concentrations in mammalian cells, often
reaching concentrations as high as 10 mM.224-225 The antioxidant properties of this peptide
manifest in its ability to directly attack reactive oxygen species (ROS) and other oxidants. 279 In
addition, glutathione is a substrate for the class of enzymes glutathione peroxidases, which
catalyzes the reduction of peroxides, a common ROS.12 Interestingly, a variety of important
interactions between GSH and various metal ions have been found. In response to physiologicallyaltering concentration levels of toxic metal ions, glutathione possesses the ability to form metal
complexes via nonenzymatic processes.280-281 Divalent metal ions, such as Ni2+, can promote the
rapid conversion of GSH to its disulfide form (GSSG).282 In the case of streptococcus pneumoniae,
the high sensitivity of the pneumococcal gor mutant to Zn2+ occurs as a result of the high affinity
of glutathione for the metal.283
It is also notable that glutathione can function as an electron “sink” by removing radicals
from -carbon (C) locations in proteins thereby “repairing” protein radical damage via hydrogenatom transfer (HAT). In this process, the radical site is transferred from the protein to the sulfur
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atom of glutathione (Scheme 4.1).274,

284

This reaction is often modulated by the protein’s

conformation because the C−H bond in the protein has a similar bond dissociation energy (BDE)
to the S−H bond contained in the side chain of cysteine in glutathione. The BDEs of these two
bonds are much lower than those of other bonds found in the amino acid side chains or the peptide
backbone.285-286

Scheme 4.1. Glutathione-based protein repair

Radical processes in glutathione or other peptides have been studied by a variety of
solution-based techniques, among which the spectroscopic methods of electron paramagnetic
resonance (EPR) and fluorescence are the most common.287-293 In addition, NMR spectroscopy or
mass spectrometry (MS)-based methods combined with deuterium labeling have been used to
probe the sites of HAT. These studies are not free of challenges.127-128, 294 Direct spectroscopic
characterization of radicals in solution often requires them to be long-lived and typically at high
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concentrations, which in turn promotes rapid disulfide formation via thiyl radical pairing. In
addition, radicals in solution are often prone to a range of competing reactions, e.g.
inter/intramolecular HAT, deamination, or desulfurization.295-296
For these reasons, gas-phase (often MS-based) studies present an attractive alternative as
they achieve the elimination of intermolecular radical pairing and the minimization of other
competing processes. In studying the intramolecular HAT between the thiyl and C locations, the
MS approach is fairly straightforward as gas-phase reactivity of sulfur-based radicals in ionmolecule reactions (IMRs) is quite different from that of C-based ones.191, 297 In cases where more
than one isomer of -carbon radicals can be formed, the structure of the final product(s) has been
identified with the aid of infrared multiple photon dissociation (IRMPD) spectroscopy and
theoretical calculations.136,

138

Such a multi-pronged approach allowed us to investigate

intramolecular HAT between the thiyl and C locations in amino acids, their derivatives, and small
peptides, including glutathione.133, 135-136, 138-139, 144-145
Radical reactivity in proteins is often modulated by interactions with neighboring amino
acid residues.298 This radical reactivity is not always affected by solvents.129 As such, the gas
phase is a suitable environment for exploring radical processes which are not dependent on
solvation. For instance, the gas-phase reactivity of thiyl radicals mimics that in solution towards
typical “radical sponges” like allyl iodide, dimethyl sulfide, and nitric oxide.299-301 One of the
notable exceptions is the aforementioned HAT between the thiyl and C  locations in amino acids
and peptides which is strongly pH-dependent in solution. While solution conditions can be easily
modulated through facile pH change, MS-based gas-phase studies require the substrate to be
charged. That charge, often H+, can affect the HAT quite dramatically. For instance, homocysteine

74
(Hcy) thiyl radical undergoes facile HAT in solution at high pH values;270 whereas in the gasphase, we did not observe HAT from the C position to S in protonated Hcy (Scheme 4.2 A).139
This behavior was explained earlier by Schöneich and co-workers who showed that protonating
the amine next to the C reduces the HAT rate by a factor of ten.2

Scheme 4.2. HAT in the Hcy radical when protonated (A) or metal bound (B)

To overcome the effect of the H+ location on the propensity for HAT in amino acids, we
have used metal ions as the source of charge. It was found that alkali metal ion complexes of Hcy
thiyl radical (Scheme 4.2 B) undergo efficient HAT.144 We also employed a similar approach in
studying Cys thiyl radicals, which are known to undergo this type of HAT much less quickly than
Hcy due to a more strained transition state.145 We found that alkali metal ionization was not
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sufficient to induce the HAT in the gas phase, but ionization by Ag+ was successful in promoting
structural isomerization from the thiyl radical to C-based radical. 145
In this work, we turn our attention to studying HAT between the thiyl and C  locations in
metal ion complexes of glutathione thiyl radicals. There have been multiple studies of the structure
of metal ion/peptide complexes in the gas phase,205-206, 209, 238-241, 302 however, very little remains
known about the structures of metal ion/peptide radical complexes. The limited examples show
the utility of using metal ions as charge sources, such as stabilization of the structure through
multidentate coordination (alkali metal ion-stabilized polyglycol radicals242) and elimination of
the “mobile proton” (sodiated Bz-Ala-Gly-OMe isomeric radicals191). At this point, the IMR
approach allows us to easily distinguish between the thiyl and C radical locations and determine
the percent of each isomer in the ion mixture.138, 145 The complexity of glutathione is that there are
three available C positions, each of which could potentially hold the radical. The HAT in this
system was probed by studying the dipeptides -GluCys and CysGly, the building blocks of
glutathione, as was done in earlier work with protons as the source of charge. In addition, our MS
studies are complemented by density functional theory (DFT) calculations.

Experimental

Materials

All chemicals and reagents were used as received without any additional purification. Snitrosylated glutathione, γ-GluCys, CysGly, tert-butyl nitrite, lithium chloride, sodium chloride,
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potassium chloride, magnesium nitrate, nickel nitrate, zinc nitrate, and acetic acid were all
purchased from Sigma-Aldrich (Milwaukee, WI). Methanol (HPLC grade) was purchased from
Fisher Scientific (Pittsburg, PA). Premixed gas containing 1% nitric oxide in laser grade helium
was purchased from Airgas and used without any additional clean-up (Chicago, IL). Water was
purified (18 MΩ) in house.

Solution Preparation
All chemicals and reagents were used as received without any additional purification. Snitrosylated glutathione, γ-GluCys, CysGly, tert-butyl nitrite, lithium chloride, sodium chloride,
potassium chloride, magnesium nitrate, nickel nitrate, zinc nitrate, and acetic acid were all
purchased from Sigma-Aldrich (Milwaukee, WI). Methanol (HPLC grade) was purchased from
Fisher Scientific (Pittsburg, PA). Premixed gas containing 1% nitric oxide in laser grade helium
was purchased from Airgas and used without any additional clean-up (Chicago, IL). Water was
purified (18 MΩ) in house.

Ion-Molecule Reactions

Mass spectra were collected using a Bruker Esquire 3000 quadrupole ion trap mass
spectrometer, which was modified to perform ion-molecule reactions, for which the details were
previously described.303 All sample solutions were introduced into the electrospray ionization
(ESI) source of the mass spectrometer via a syringe pump at a rate of 2 μL min-1. The nebulizer
gas, needle voltage, and temperature were adjusted to approximately10 PSI, 4.0 kV, and 250°C.
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All other tunable parameters were optimized to give maximum yield of the desired ions. The
isolation window used for the experiments ranged from 1.0 to 10.0 m/z, which was adjusted to
provide maximum abundance of the radical of interest, simultaneously excluding all other ions.
Metal ion / glutathione radical ([GS•+M]+) formation was initiated by isolating the parent complex
(S-nitrosylated glutathione (GSNO) and the metal ion [GSNO+M]+) and subsequently subjecting
that ion to CID. The protonated species was produced in a similar manner using acetic acid instead
of the metal salt. The formations of γ-GluCys and CysGly adducts were conducted by the same
procedure.
Isolated radical complexes were subjected to IMRs with nitric oxide. The neutral reagent
was introduced into the instrument via a leak valve. A scan delay was used to alter the time the
reagent reacted with the radical. The range of the delay was identified by determining the point at
which the reaction reached completion or stopped reacting. This range was established at 0-1000
ms, during which time spectra were collected for at least 1 min. Each individual time point was
acquired in triplicate sets on different days, utilizing the protonated glutathione as a standard
solution.

Theoretical Calculations

All calculations were performed using the Gaussian 09 quantum chemical program.250
Geometries were optimized within the framework of Becke’s three-parameter DFT hybrid
functional (B3LYP), which is based on a mixture of Hartree–Fock exchange and Becke and the
Lee–Yang–Parr exchange-correlation functional251-254 and a standard Pople Gaussian-type basis
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set257-259 was employed, i.e., at the B3LYP/6-31++G(d,p) level. Additionally, structures were also
re-optimized using the M06 functional with the same basis set, i.e. M06/6-31++G(d,p). All
optimized structures were subjected to vibrational frequency analyses to ensure that they were at
minima (no imaginary frequencies).

Results and Discussion

HAT in Alkali Metal Ion / Glutathione Radical Complexes

In order to determine the radical location, S-based radical generation was achieved via
cleavage of the labile NO group from S-nitrosoglutathione (Scheme 4.3). This method of radical
generation has been shown to be charge-independent, and therefore, can be used for both the
protonated species and the metal adducts.157 Subsequently, the radical species was isolated and
allowed to react with nitric oxide. This reaction proceeds only when the radical is maintained at
the sulfur atom (Scheme 3, charge-carrying species not shown).144-145

Scheme 4.3. The formation and reactivity of the glutathione radical in the gas phase.
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The glutathione radical cation (with a proton as the charge carrier) represents an interesting
case, as the initially formed S-based radical species was previously found to isomerize to the C
radical of the -glutamic acid.138, 245 However, this rearrangement did not proceed to completion
under the experimental timeframe.138 This was noted by the experimental IRMPD spectrum in the
N-H/O-H stretching region which was most closely matched by a 80:20 ratio of S-based to Cbased radical cations.138 In this study, we ran the IMR of the glutathione radical cation with nitric
oxide. Taking into account that only the S-based radical cation is reactive towards nitric oxide,
the extent of reaction should reveal the composition of the isomeric mixture and our results (Figure
4.1) are consistent with the previous study. 138
It appears logical to assume that replacing the charging proton with an alkali metal ion
would decrease the barrier towards the HAT from the C atom to the sulfur atom and further
stabilize the C radical species, as was shown with the amino acids Cys and Hcy.144-145 Therefore,
more facile isomerization to a C radical species was expected for the alkali metal ion / glutathione
thiyl radical complexes (referred to as [GS•+M]+) compared to the protonated glutathione radical,
[GS•+H]+.
To investigate the effect of alkali metal ion on S-to-C isomerization, the [GS•+M]+
radicals (M = Li, Na, and K) were reacted with nitric oxide. The kinetic data for these reactions
are shown in Fig 4.1. Examining the exponential decay of the glutathione radical cation (for
protonated species and alkali metal adducts) reveals varying degrees of isomerization as indicated
by the asymptote where reactivity ceases (Figure 4.1). That is, the percentage at which the
precursor radical cation no longer reacts with nitric oxide, indicates the percentage of the
unreactive species
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Figure 4.1. The exponential decay of the glutathione radical (GS•) charged by either
H+ (black), Li+ (red), Na+ (blue), or K+ (green). Horizontal asymptotes were
calculated (dotted lines) to determine the percentage of the unreactive species
(22%, 36%, 96%, and 100% for H+, Li+, Na+, or K+ complexes, respectively). Error
bars represent standard deviation.
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in the isomeric radical ion mixture. The protonated radical displayed the most reactivity, as only
22% of the initial species was unreactive. Alkali metal adducts showed a substantial increase in
interconversion away from the sulfur radical, as seen by the increased percentage of the unreactive
species (36%, 96%, and 100% for Li, Na, and K adducts, respectively). While the percentage of
the unreactive isomer can be a function of the neutral reagent pressure (in this case nitric oxide),
the relative reactivity order, H > Li > Na > K, should remain the same. A similar trend of
increasing the extent of HAT, and therefore S-to-C isomerization, was also found in the Hcy
radicals complexed to alkali metal ions.144
Three possible C radicals, at the N—terminus (-Glu), the middle residue (Cys), and the
C-terminus (Gly), can potentially be formed in glutathione via HAT from the C atom to the sulfur
atom (Scheme 4.4, charge-carrying atom not shown). Calculations of the [GS•+H]+ radical cation
showed that the -Glu C radical has the lowest energy among all -carbon radical species on the
potential energy surface (PES) (see Table 4.1) as it is stabilized by a powerful electron donor (NH2group) and strong acceptor (-COOH group) via captodative effect.245

Scheme 4.4. The possible C radical locations in glutathione
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Table 4.1. Enthalpies and Gibbs free energies (in parentheses) in kJ mol-1 for the
C-based radical structure relative to S-based radical species of glutathione for the
various charging ions as calculated at different levels of theory.

H+
Li+
Na+
K+

B3LYP/6-31++G(d,p)
Cys
-Glu C
radical
C radical
-35.4 (-31.6) 1.4 (1.8)
-44.4 (-48.1) 17.4 (15.9)
-46.9 (-50.2) 15.5 (13.1)
-47.1 (-52.2) 13.5 (9.1)

M06/6-31++G(d,p)
Gly
Cys
-Glu C
C radical radical
C radical
-3.9 (1.2)
-32.4 (-30.5) 5.1 (3.7)
23.1 (23.6) -28.3 (-29.3) 22.4 (24.8)
20.0 (20.3) -30.8 (-39.8) 18.6 (13.0)
22.2 (19.4) -35.0 (-36.9) 19.9 (21.6)

GlyC
radical
1.7 (4.8)
32.0 (36.1)
28.6 (25.4)
26.9 (27.9)

To investigate the final location of the radical in the glutathione metal complex, the two
dipeptides -GluCys and CysGly were studied. The metallated radical species were generated in
the same manner as described above for glutathione, and subjected to IMRs with nitric oxide.
Interestingly, the [CysGly-H+M]•+ species, where M = Li, Na, or K, all reacted to completion,
indicating that HAT between the sulfur atom and the C atoms of either the Cys and Gly residues
did not occur (Figure C1). Similar reactivity was observed for the smaller [Cys-H+M]•+
complexes.28 Conversely, the [-GluCys-H+M]•+ species, where M = Li, Na, or K, displayed
similar behavior to that of the glutathione radical metal adducts, as the percentage of initial ion
reacted with nitric oxide decreased going down group 1A (Figure C2). Such performance indicates
that the radical is most likely rearranging from the S-based to the-Glu C position in both the GluCys and the glutathione radical metal ion adducts. This is consistent with our previous findings
for the protonated -GluCys and CysGly radicals.138
Computational approaches were used to investigate the relative energies of S- and C-based
radical locations in both protonated and metal-bound glutathione radical (Table 4.1). At the
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B3LYP/6-31++G(d,p) level, the -Glu C-based radical species have the lowest energy on the PES
and were calculated to be lower in enthalpy than the initially formed S-based radicals by 44.4,
46.9, and 47.1 kJ mol-1 for Li+, Na+, and K+, respectively (see Figure 4.2 and Figure C3 for
structures). This represents a slightly higher stabilization of the C-based radicals in the alkali
metal ion adducts than found for the protonated species (35.4 kJ mol-1). It is noted that the Cysand Gly-based C radicals have higher energies than the sulfur radical. (Table 4.1, Figure 4.2 and
Figure C3) The M06/6-31++G(d,p) calculations for the alkali metal complexes also show that Glu C-based radicals have the lowest energies, and the trend is the same although the differences
are smaller. While it is the isomerization barrier that determines the rate of rearrangement,
calculation of transition states in tripeptide radical complexes is beyond the scope of this work.
However, the thermodynamic trend going down group 1A matches the experimental results, as an
increased abundance of C-based radical species correlates with an increased energetic preference
for that ion. The optimized structures (Figure 4.2) show that in the S-radical complex the sodium
ion coordinates with three oxygens and the terminal amino group while in the -Glu radical
complex four oxygens bind to the Na+ ion. The S-radical complex is a distonic ion with the radical
and charge well separated; conversely, the -Glu C-radical complex is stabilized by the
captodative effect, where the charge, formally located on Na+, interacts strongly with the carboxy
group adjacent to the radical center, thereby enhancing the electron-withdrawing ability of the
COOH. Such captodative stabilization has previously been shown to increase the stability of the
C-based radical in both protonated129, 133, 136 and metallated144-145 species.
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Figure 4.2. Optimized structures of the (A) sulfur- (B) -Glu C-based, (C) Cys Cbased, and (D) Gly C-based radical of glutathione complexed with a sodium ion
calculated at the B3LYP/6-31++G(d,p) level. Distances are in Å. The structures of
the Li+ and K+ complexed species have the same coordination chemistry and
general structure are summarized in Figure C3.

85
Structure and Reactivity of Glutathione Radical Complexed to Doubly-Charged Metal Ions

The glutathione radical complexed with a variety of doubly-charged metals (Mg2+, Zn2+
and Ni2+) were also investigated. Beyond their aforementioned physiological relevance, these
metals were chosen as they represent main group elements (Mg2+), and two types of transition
metal ions – one with a fully occupied d-orbital shell (Zn2+), the other with a partly filled d-orbital
shell (Ni2+). These metals formed two types of complexes with the glutathione radical: a +2
adduct, analogous to the complexes with the alkali metal ions, and a net +1 ion in which one of
the two carboxylic acid sites is deprotonated. The latter may result in multiple isomers and, as
binding to a deprotonated carboxylic acid would be quite different from that of the neutral
glutathione radical, we did not pursue these complexes. Thus, only the +2 complexes were
investigated.
The larger charge density of the 2+ ions creates greater stabilization of the multidentate
structure and this is illustrated by higher binding energies (for the isoelectronic Na+ and Mg2+
complexes, the binding energies are 296.0 and 1228.6 kJ mol-1 respectively). The optimized
structures of the glutathione radical cations complexed by the doubly-charged metal ions have
O−M bond lengths that are significantly shorter and coordinating C=O bonds that are longer than
those found in the alkali metal ion complexes (for comparison of complexes with Na+ and Ni2+,
compare Figure 4.2A with 4.3A and Figure 4.2B with 4.3B). The optimized structures of both Sradicals and C-radicals for the doubly-charged ions reveal that isomerization via HAT would
require breaking of and/or substantial flexibility in coordination bonds. Thus, while the kinetic
barriers towards rearrangement have not been calculated, one can imagine that they would be
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Figure 4.3. Optimized structures of the sulfur- (left) and -Glu C-based (right)
radicals of glutathione complexed with a Ni2+ ion at the B3LYP/6-31++G(d,p) level
for the keto (top) and iminol (bottom) metal binding conformations. Distances are
in Å. The structures of the Mg2+ and Zn2+ complexed species have the same
coordination chemistry and general structures (Figure C5).
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substantially higher for the 2+ metal ions than for the 1+ ions. This hypothesis is supported by our
experimental IMR data with nitric oxide. Under the same conditions as shown in Figure 4.1 for
the alkali metal ion complexes, the glutathione radical metal adducts (Mg2+, Zn2+ and Ni2+) all
react to completion (Figure C4), signifying the S-based radical is maintained.
The lack of S-to-C interconversion can also be explained from a thermodynamic
perspective as the C-based radical species affords less stabilization compared to the S-based
radicals (Table 4.2) than those found for alkali metal ions. For example, the C radical complex
with Na+ is lower in energy than the S-based counterpart by 46.9 kJ mol-1 at the B3LYP/631++G(d,p) level and by 30.8 kJ mol-1 at the M06/6-31++G(d,p) level. The corresponding values
for the isoelectronic Mg2+ complex are 30.5 and 18.9 kJ mol-1, respectively. In the Zn2+ complexes
the C-based radical is again lower in energy, but the difference between the S- and C-based
radical species is smaller (23.9 and 5.7 kJ mol-1, respectively).
The inclusion of Ni2+ complexes into this study was motivated in part by the fact that Ni2+
binding in peptides is known to occur via iminol-type coordination.238-239, 304-305 The glutathione
radical has one unpaired electron and the electronic ground state of Ni2+ has two unpaired
electrons. Thus, complex [GS•+Ni]2+ could have a doublet or quartet ground state and calculations
showed the quartet state to have the lower energy for both the S- and C-based radical cations. The
B3LYP/6-31++G(d,p) calculations gave three structures, two with S-based radicals (A and C in
Figure 4.3) and the third the C-based radical with iminol coordination (Figure 4.3 D) to have
almost identical energies (Table 4.2). Structure B in Figure 4.3, a C-radical in which the Ni2+
coordinates with four carbonyl oxygens and the SH, is slightly higher in energy
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Table 4.2. Relative enthalpies and Gibbs free energies (in parentheses) in kJ mol-1
for the S- and -Glu C-based radical structure of glutathione for the various
charging ions as calculated at different levels of theory.

B3LYP/6-31++G(d,p)

2+

Mg
Zn2+
Ni2+

2+

Mg
Zn2+
Ni2+

M06/6-31++G(d,p)

S-based radical
0.0 (0.0)
0.0 (0.0)
0.0 (0.0)

keto binding form
S-based radical
-Glu C radical
-30.5 (-35.1)
0.0 (0.0)
-23.9 (-28.2)
0.0 (0.0)
13.8 (14.2)
0.0 (0.0)

-Glu C radical
-18.9 (-24.7)
-5.7 (-11.5)
7.4 (8.3)

S-based radical
71.5 (73.4)
40.1 (37.5)
3.8 (3.4)

iminol binding form
S-based radical
-Glu C radical
12.3 (8.5)
70.7 (67.1)
10.3 (4.1)
27.4 (22.7)
2.2 (-2.9)
-19.0 (-20.5)

-Glu C radical
26.6 (21.3)
15.8 (10.6)
2.0 (-4.8)
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(by 13.8 kJ mol-1). Therefore, it is not surprising that no C radical is observed in the IMR
experiment. At the M06/6-31++G(d,p) level, an S-based radical structure is again found to have
the lowest energy but in this case it is structure C; this iminol bound structure was found to be 19.0
kJ mol-1 lower in energy than its oxygen-bound counterpart. This suggests that iminol binding is
likely to occur in the Ni2+ adducts. Importantly, iminol C structure is 21.0 kJ mol-1 higher in
energy at the M06/6-31++G(d,p) level than the iminol S-radical complexed with Ni2+. This is
consistent with the experimental observation that HAT is not observed in this complex.
Calculations of the iminol binding structures for Mg2+ and Zn2+ have also been carried out.
However, the energies of these complexes are higher than those of the keto forms (Table 4.2)
suggesting that the iminol binding form is less favorable for these ions.

Conclusions

Ion-molecule reactions indicate that alkali metal ions facilitate HAT from C to S in
glutathione thiyl radical complexes. Similar HAT was found to occur in protonated glutathione
thiyl radical previously.138 Kinetic studies suggest that the promotion of HAT in the complexes
proceeds in the order K+>Na+>Li+>H+. While the barriers for the radical isomerization were not
calculated, theoretical studies rationalized the experimental findings by the relative stabilization
of the HAT product of the -Glu C radical, which was the greatest in K+ complexes.
This order of stabilization is similar to those found in the radical/metal ion complexes of
the amino acids cysteine145 and homocysteine.144 A peptide radical binding to the metal ions is
quite different from the amino acid radical species, as more coordination sites are available in
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glutathione to bind the metal. The HAT requires only a small change in the binding mode (3O+N
in S radical to 4O in C radical species) according to the lowest-energy structures found by DFT.
In contrast to the singly-charged metal complexes, the extent of structural isomerization in
the doubly-charged metal ions (Mg2+ and Zn2+) complexed with the glutathione thiyl radical was
reversed, as the gas-phase IMRs showed no sign of HAT. Theoretical calculations show that the
C radical is lower in energy than the thiyl radical but the stabilization of the -carbon radical by
the metal ion is weaker than that in the alkali metal ion complexes. The lack of HAT could be
explained by a high-energy barrier required for the structural rearrangement in the doubly-charged
metal ion complexes. This is corroborated by the differences in the interatomic distances between
the amide oxygen/nitrogen and metal ions and particularly by the increase in the C=O distances
induced by complexation by the metal ion.
An interesting feature of Ni2+/peptide complexes described in the literature is the nickel
preference for iminol coordination.238-239, 304-305 Calculations found that this is most likely also the
case in Ni2+/glutathione radical complexes, although this fact does not change the energetics of the
radical isomerzation sufficiently to promote HAT.

CHAPTER 5
INTRA- AND INTERMOLECULAR TYR-TO-CYS RADICAL MIGRATION
IN MODEL SYSTEMS i

Abstract

Radical migration, both intramolecular and intermolecular, from Tyr(O•) to Cys(S•) in
model peptide systems was observed in the gas phase. Ion-molecule reactions between the radical
cation of homotyrosine and n-propyl thiol resulted in fast hydrogen atom transfer. In addition,
radical cations of the peptide LysTyrCys were formed via two different methods, affording
regiospecific production of Tyr(O•) or Cys(S•) radicals. Collision-induced dissociation of these
isomeric species displayed evidence of radical migration from the oxygen to sulfur, but not for the
reverse process. This was supported by theoretical calculations, which showed the Cys(S•) radical
slightly lower in energy than the Tyr(O•) isomer. Ion-molecule reactions of the LysTyrCys radical
cation with allyl iodide further confirmed these findings. A mechanism for radical migration
involving a proton shuttle by the C-terminal carboxylic group is proposed.

i

The material presented in this chapter was previously published as: Lesslie, M.; Osburn, S.; van Stipdonk, M. J.;
Ryzhov, V., “Gas-phase tyrosine-to-cysteine radical migration in model systems,” Euro. J. Mass Spectrom. 2015, 21,
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Introduction

The prevalence of oxidative chemistry in enzymatic catalysis has driven considerable
interest into the study of biological free radicals. One of the most interesting aspects of this radical
chemistry is the selective movement of the unpaired electron along the amino acid side-chains of
the protein. This action has been revealed in several proteins, including DNA photolyase, 306
cytochrome c oxidase,307 and various ribonucleotide reductases.89 The study of radical migration
often involves a discussion of proton-coupled electron transfer (PCET). As the name suggests,
this broad term defines the mechanisms by which electron and proton transfers are coupled in
either a concerted or sequential manner, as well as, along the same path or orthogonally. An
important subset of PCET is hydrogen atom transfer (HAT), where the proton and electron are
transferred in a time-concerted and collinear process across an established hydrogen bond.308-309
Understanding PCET is essential to unraveling radical migration in proteins, therefore, it has been
reviewed extensively.102-106
E. Coli Class I Ribonucleotide Reductase (RNR) represents one of the most prominent
examples of radical transfer.9 This enzyme has been studied by Stubbe et al. who proposed a longrange PCET spanning 35 Å and two subunits.61 This migration was found to occur from the
tyrosine phenoxyl radical (TyrO•), generated at the diiron cofactor, to the cysteine (CysS•) at the
active site.58, 61-62, 98 Of particular interest is the final step in the pathway, where HAT between the
Cys at the active site and the nearby oxidized Tyr generates the cysteinyl radical responsible for
initiating nucleotide reduction.98 This proposed mechanism of radical migration has given rise to
electron paramagnetic resonance (EPR) and computational studies of the radical transfer between
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Tyr and Cys.310-313 Experimentally, it has been shown that the presence of a cysteine in close
proximity to tyrosine greatly reduces tyrosine nitration and instead causes nitrosylation of the
thiol.310 This data implicates that intramolecular radical transfer between the two residues occurs
in aqueous solution, where Cys acts as a radical sink.310 Computational methods have postulated
that acid/base chemistry controls this radical migration in solution.311 This occurs through
deprotonation of the cysteine thiol, electron transfer from cysteine to tyrosine, and protonation of
the tyrosine phenolate.311 Recently, the necessity of a water molecule to facilitate the radical
transfer has been explored.314 While solution-based studies demand the consideration of such
complicated mechanisms, it is notable that the local structure in proteins may allow the amino
acids to be brought into hydrogen bonding contact and consolidated HAT may result. 9
Interestingly, Tyr(O•)-to-Cys(S•) radical transfer may also act as a mechanism of phenoxyl radical
repair in proteins.9
Gas-phase studies offer several advantages over experiments in solution. They provide
simplicity by limiting the chemistry of intramolecular interactions, meanwhile greatly reducing
the time and sample quantity required for analysis. In addition, incorporation of a charge onto the
radical-bearing species prevents often undesired radical recombination reactions. Several groups
have contributed to the production of gas-phase radical ions of amino acids and peptides. Sui and
co-workers initially demonstrated the ability to form radical cations of peptides using the ternary
metal complex dissociation method in peptides containing tyrosine and an assisting basic amino
acid.169 This method was later extended to include a wide variety of peptides and amino acids as
well as variations in the auxiliary ligand and the redox-active metal ions.170-171, 175-176 Covalent
chemical modification of amino acid side-chains and subsequent homolytic cleavage has been
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another productive route to radical cation formation.

This method has been successful in

generating tyrosine radicals through photo-irradiation of iodotyrosine.168

Collision-induced

dissociation (CID) has also proven successful in the generation of radicals from peroxide modified
lysine,152 nitrosylated cysteine157 and tryptophan,140,

159-160

as well as, tempo-153-154 and azo-

modified155 peptides.
Mass spectrometry has been used to study the gas-phase chemistry of both tyrosyl169-171
and cysteinyl.157, 218 However, to our knowledge, no exploration has endeavored to illuminate the
nature of radical transfer between these two species in the gas phase.
In this study, we use three tools to unravel radical migration in model systems:
fragmentation analysis, ion-molecule reactions (IMRs), and density functional theory (DFT)
calculations. Regiospecific radical formation on the Tyr(O•) and Cys(O•) residues, and their
analogues, is achieved using the copper complex dissociation and nitrosylation methods,
respectively. Subsequently, fragmentation analysis regarding characteristic side-chain losses is
performed. This is then combined with reactivity data from site-specific IMRs. These two
techniques provide ample evidence for the existence of radical transfer. The general exothermicity
of HAT between thiols and phenoxyls is demonstrated through IMR of n-propyl thiol with the Tyr
derivative homotyrosine (HomoTyr). Finally, a computational approach is taken to propose a
reaction pathway for radical migration between Tyr(O•) and Cys(S•).
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Experimental

Materials

All chemicals and reagents were used as received without any further purification.
Homotyrosine (HomoTyr) was purchased from BOC Sciences (Shirley, NY). The tripeptide
LysTyrCys was synthesized by and purchased from Selleckchem (Houston, TX).

The

nitrosylating agent tert-butyl nitrite, neutral reagents allyl iodide and n-propyl thiol, the copper salt
CuSO4 and the auxiliary ligand 2,2’:6’,2”-terpyridine were purchased from Sigma-Aldrich
(Milwaukee, WI). Acetonitrile and methanol were purchased from Fisher (Pittsburg, PA). Water
was purified (18 MΩ) in-house.

Mass Spectrometry

Mass spectrometry experiments were carried out using a Bruker Esquire 3000 quadrupole
ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) modified to conduct ionmolecule reactions as described previously.137, 187
Stock solutions of the tripeptide and homotyrosine were prepared as 1 mM in water. The
production of the homotyrosine radical and the phenoxyl tripeptide radical cation,
[LysTyr(O•)Cys]+, were achieved via the copper complex dissociation method.170-171

The

appropriate stock solution was mixed at a 1:1 ratio with a solution of 1 mM CuSO4 and 1 mM
2,2';6',2"-terpyridine in 1:1 water/methanol and allowed to react for 30 min. For the generation of
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the sulfur-based tripeptide radical cation, [LysTyrCys(S•)]+, the stock tripeptide solution and tertbutyl nitrite were mixed at a 1.5:1 ratio and allowed to react for 10 min. It is assumed that the
tripeptide was protonated at the lysine side chain. All reaction mixtures were diluted 100-fold
with methanol before injection.
All samples were subsequently introduced into the electrospray ionization (ESI) source of
the mass spectrometer at a flow rate of 5 µL min-1. The nebulizer gas, needle voltage, and
temperature were adjusted to approximately 18 PSI, 4.0 kV, and 250 ⁰C. All other tunable
instrument parameters were optimized to give maximum yield of the desired ions.
The formation of the radical ions of interest was achieved through successive isolation of
the parent ion, CID, and a second isolation of the radical cation. The isolation window used in
these experiments ranged from 0.7 to 2.0 m/z. The exact value was determined during the
experiment as the width that resulted in the maximum abundance of the desired ion while
excluding all other ions. The CID amplitude ranged from 0.40-0.75 V and was experimentally set
to the value that yielded the greatest intensity of the desired fragment ion.

Ion-Molecule Reactions

Both IMR reagents, n-propyl thiol and allyl iodide, were degassed via three “freeze-pumpthaw” cycles before introduction into the mass spectrometer. The neutral reagent was introduced
into the trap via a pulsed valve that is synchronized with the software using the auxiliary interface
of the instrument. The radical cations were then reacted with the neutral reagent. For the reaction
of homotyrosine with propyl thiol the duration of the pulse was set to 250 µs, while the pulse
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duration for all allyl iodide reactions was 500 µs. Each pulse was followed by 3 s with the valve
closed, and the cycle was repeated for the duration of the experiment. The scan delay, which
defines the reaction time, was 500 ms for all experiments. While no pressure calibration was done
in this study, previous measurements of reaction kinetics implicate that prescribed pulse conditions
results in a neutral pressure of about 10-7 torr.139

Density Functional Theory Calculations

All geometry optimization and energy determinations were calculated using the Gaussian
09 suite of programs315 and the hybrid B3LYP functional. Initial geometry optimizations were
performed using the relatively small 3-21G* basis set. All minima located were then re-optimized
using the same functional and the 6-31+G(d) basis set. Zero-point corrected energies were
computed at the same level of theory. Single point calculations were carried out on the optimized
structures at the 6-311++G(d,p) and 6-311+G(2d,p) level of theory.

Results and Discussion

Radical transfer in proteins is generally thought to occur directionally, stemming from a
combination of the chemical characteristics of the native amino acids involved and the local
environment created by neighboring groups.52 In regards to Tyr and Cys, the radical transfer
reaction has been shown to be reversible in protein systems (Eq. 5.1).52 The reversibility of this
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reaction implies near thermochemical neutrality, where minor adjustments in the microenvironment may shift the equilibrium.

Tyr(O•) + Cys(SH) ⇌ Tyr(OH) + Cys(S•)

Eq. 5.1

To further explore the thermochemistry of radical migration, bond dissociation energies
(BDEs) of the species undergoing HAT were compared. In many cases, structural simplification
to a few atoms give a reasonable estimation of BDEs and therefore the exothermicity of hydrogen
abstraction. The bond strength in phenol (O-H) is 373.3 kJ mol-1,316 while that of methanethiol
(S-H) is 365.3 kJ mol-1.317 Thus, the reaction between phenoxyls and thiols should be slightly
exothermic.
Experimental determination of bond strengths in larger compounds, such as amino acids,
is cumbersome and not always possible. As such, theoretical BDE determination of amino acids
has been undertaken by several groups.285, 318-319 Recently, Julian and co-workers calculated the
BDE for all amino acid side chains using isodesmic reactions to correct for systematic error in the
ab initio computations.320 Using this method, the BDEs of the tyrosine (O-H) and cysteine (S-H)
side chains were found to be 389.9 kJ mol-1 and 368.8 kJ mol-1, respectively.320 These values
indicate that HAT from the cysteine sulfur to the tyrosine phenoxyl radical would be exothermic
by ~21 kJ mol-1.
To assess the propensity of intermolecular HAT between the phenoxyl radical cation and
a neutral thiol in the gas phase, IMRs between HomoTyr and n-propyl thiol were performed
(Figure 5.1A). The radical cation of HomoTyr was formed via the copper ternary complex
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(A)

(B)

Figure 5.1. Reactivity and thermodynamics of the Homotyrosine radical cation
with n-propyl thiol: (A) IMR of [HomoTyr(O•)+H]+ (m/z 195) with n-propyl thiol.
A neutral pulse of 250 μs and a delay of 500 ms were maintained throughout the
reaction. HAT product formation [HomTyr(OH)+H]+ (m/z 196) indicates
substantial reaction progress. (B) Calculations show that the HAT reaction of
[HomoTyr(O•)+H]+ with propyl thiol is exothermic (∆H = -29.9 kJ mol-1). The
∆G value at 298 K was -27.3 kJ mol-1. Calculations were performed at the
B3LYP/6-311++G(d,p) level of theory.
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dissociation method as described above. This radical species was subsequently reacted with npropyl thiol to yield HAT (Eq. 5.2).

[HomoTyr(O•)+H]+ + CH3CH2CH2SH  [HomoTyr(OH)+H]+ + CH3CH2CH2S•

Eq. 5.2

Although the rate constant was not measured, the reaction was kinetically fast compared to other
HAT reactions under similar conditions.321 DFT calculations show that this reaction is exothermic
by ~30 kJ mol-1 (Figure 5.1B). Similar reactivity is expected with the tyrosyl radical. However,
formation of the phenoxyl radical on tyrosine was unsuccessful in the gas phase due to the facile
cleavage of the side chain. This occurs through radical migration to the α-carbon radical which is
stabilized by the captodative effect.172, 175, 322 In HomoTyr, however, the pathway for radical
migration to the α-carbon is inhibited by the additional carbon in the side chain. The possibility
of formation and reaction of the HomoTyr π-radical cation, in addition to the phenoxyl radical
species, was also considered. In such a case, the IMR with propyl thiol would be endothermic by
2.5 kJ mol-1 (see Figure D1 for calculations and proposed mechanism).
Intramolecular radical transfer was probed in the gas phase using the tripeptide LysTyrCys.
This peptide was chosen as the most concise model of Tyr to Cys radical transfer, as the
incorporation of the basic residue, Lys, allowed for the facile formation of the radical on the Tyr
side chain via copper ternary complex dissociation.169 Radical formation attempts using this
method with di- and tripeptides without the basic residue (i.e. TyrCys, GlyTyrCys, etc.) proved
unsuccessful. The S-nitroso chemistry157 was then used to generate the protonated LysTyrCys(S•)
radical. To verify that radical formation does not occur on the Tyr residue via nitrosylation and
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subsequent loss of NO, several attempts were made with Tyr and HomoTyr amino acids. However,
nitrosylation of these amino acids was not observed. It is therefore assumed that the nitrosylation
procedure with the tripeptide produces specifically S-NO, which results in the cysteine sulfurbased radical after CID.
The thermodynamics of the intramolecular radical transfer in the tripeptide LysTyrCys was
evaluated theoretically at the 6-311+G(2d,p) level. The lowest energy structures of the tripeptide
radical cation were calculated with the radical located on the phenolic oxygen of Tyr (∆H =3.3 kJ
mol-1) and on the sulfur of Cys (∆H=0.0 kJ mol-1) (Figure 5.2). A total of 17 conformations were
calculated (Figure D2 and D3). These results suggest that the radical rearrangement from Tyr(O•)
to Cys(S•) in the tripeptide is slightly exothermic. The difference in exothermicity between
intramolecular (within LysTyrCys) and intermolecular (between [HomoTyr(O•)+H]+ and propyl
thiol) transfer (~27 kJ mol-1) is likely due to the stabilization of the Tyr(O•) radical through
hydrogen bonding with the protonated Lys side chain. The lowest energy conformation of
[LysTyr(O•)Cys+H]+ has a short hydrogen bond length of 1.66 Å (Figure 5.2).

Previous

computational and solution-phase studies have shown that hydrogen bonding stabilizes phenoxyl
radicals.323-325 Such stabilization drives the O-H BDE downward and thus decreases the relative
energy of the protonated LysTyr(O•)Cys structure and the exothermicity of the Tyr(O•) to Cys(S•)
radical transfer.
Experimental evidence of radical migration is derived from comparison of the CID and
IMR spectra for the radicals independently generated on the Cys and Tyr side chains of the model
peptide. Peptide fragmentation has been extensively studied in regards to dissociation channels
accessed when a specific residue is subject to oxidation. These characteristic neutral losses can be
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Figure 5.2. Lowest energy structures of the phenoxyl and thiyl radical cations of
the tripeptide LysTyrCys calculated at the B3LYP/6-311++G(2d,p) level of theory.
See the SI for all calculated structures at this level of theory.

103
used to identify the possible locations of the radical during CID. For the cysteinyl radical, losses
of the •SH (-33 Da), CH2S (-44 Da), and •SH+CO2 (-77 Da), are known to occur.157-158, 247 The
tyrosyl radical is known cleave at the α-β bond, resulting in the loss of the entire side chain, C7H6O
(-106 Da).172 The presence, or absence, of these fragments should indicate that the radical was at
some point located on the representative side chain.
The CID spectra of the sulfur-based radical cation, [LysTyrCys(S•)+H]+, was acquired by
generating the radical species through dissociation of the nitrosylated precursor and subjecting the
resulting radical to second stage of CID. As expected, all three characteristic neutral losses of
cysteinyl mentioned above are seen in the spectra (Figure 5.3A).

Formation of the

[LysTyr(O•)Cys+H]+ species was achieved through dissociation of the ternary copper complex,
which is known to generate Tyr(O•)- and not Cys(S•)-based radicals in peptides.158, 245 This radical
cation was subjected a secondary step of CID (Figure 5.3B), resulting in only a small yield of the
tyrosyl side chain loss signifying that the radical was initially located on the phenolic oxygen.
Notably, all three losses associated with Cys(S•) are seen in the spectra, which indicates radical
migration from the oxygen to the sulfur at some point before or during CID.
The absence of the Tyr(O•)-based side chain loss (-106 Da) in the CID spectra (Figure
5.3A) of the sulfur-based radical cation, [LysTyrCys(S•)+H]+, suggests that in the gas-phase
radical migration between the two residues is not reversible. This contrasts the solution-phase data
where radical transfer between Tyr and Cys residues occurs in both directions (Eq. 5.1).52 There
are two factors that can explain this discrepancy.

First, the Tyr and Cys side chains in

[LysTyr(O•)Cys+H]+ do not come into close enough contact (see Figure D2), thus inhibiting direct
HAT between the residues. A possible pathway for the forward reaction of Eq. 5.1 is discussed
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Figure 5.3. MS3 fragmentation spectra for the thiyl and phenoxyl generate radical
cations of the model peptide LysTyrCys. (a) CID of [LysTyrCys(S•)+H]+ (m/z 412)
formed via dissociation of S-NO bond on the modified cysteine side chain (m/z
442). Characteristic neutral loss fragments of a cysteine-based radical cation (red)
at m/z 379, m/z 366, and m/z 335, represents the loss of •SH, CH2S, and concomitant
loss of •SH and CO2, respectively. (b) CID of [LysTyr(O•)Cys+H]+ (m/z 412)
formed via dissociation of ternary copper complex (m/z 354). Tyr side chain loss
(C7H6O) is seen as a minor fragment at m/z 306 (blue). Neutral losses indicative of
a cysteine-based radical cation are seen at m/z 379, m/z 366, and m/z 335 (red).
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below. Second, there exists an exothermic alternative – radical migration from the thiyl cysteine
radical to an α-carbon position,138,

158, 245

while Cys(S•)-to-Tyr(O•) transfer would be mildly

endothermic (in protein systems, small changes in the Tyr and Cys side chain microenvironment
can modulate this thermochemistry52). The presence of the [b1-H]•+ and [b2-H]•+ ions in both CID
spectra (Figure 5.3) indicates that the Cys(S•) radical migrates to the Lys α-carbon under CID
conditions.
To determine if radical migration occurs under “thermal” trapping conditions or only with
the aid of energetic CID collisions, IMRs with allyl iodide were performed. Sulfur-based radical
cations of cysteine-containing peptides and cysteine derivatives have shown high reactivity with
allyl iodide.135, 137-138 In these reactions, the major product was iodine abstraction (+127 Da).135,
137-138

Conversely, Tyr(O•)-based radical cations are not known to react with allyl iodide. To

confirm this lack of reactivity, both [LysTyr(O•)+H]+ and [HomoTyr(O•)+H]+ were subjected to
IMRs with allyl iodide. These reactions did not result in any product formation (Figure D4).
Therefore, only the sulfur-based radical species [LysTyrCys(S•)+H]+ was expected to react with
allyl iodide, while the phenoxyl radical [LysTyr(O•)Cys+H]+ was not. Interestingly, the tripeptide
with radicals initially generate in both locations displayed iodine abstraction (Figure 5.4). These
results indicate radical migration from Tyr(O•)-to-Cys(S•) followed by reaction with allyl iodide
(Eq. 5.3 and Eq. 5.4).

[LysTyr(O•)Cys+H]+  [LysTyrCys(S•)+H]+

Eq. 5.3

[LysTyrCys(S•)+H]+ + CH2=CHCH2I  [LysTyrCys(S-I)+H]+ + •CH2CH=CH2

Eq. 5.4
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Figure 5.4. IMR of (a) [LysTyrCys(S•)+H]+ and (b) [LysTyr(O•)Cys+H]+ with allyl
iodide. Reactions were carried out with a neutral pulse of 500 μs and 500 ms.
Formation of product ion at m/z 539 indicates iodine abstraction.
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While the CID and IMR comparison between the two species provides ample evidence for
radical transfer, the mechanism by which it occurs in the gas phase is currently unknown. Previous
theoretical analysis by Radi and co-workers involving solution-phase peptides containing Tyr and
Cys residues has shown several conceivable mechanisms.311 As the gas-phase is devoid of
solvation, pathways involving acid/base chemistry and water mediation must be eliminated as
possibilities. Therefore, only PCET and concerted HAT remain as potential mechanisms of radical
migration. As the neighboring Tyr-based phenolic oxygen and Cys-based thiol cannot come into
close enough contact in [LysTyr(O•)Cys+H]+, HAT also seems unlikely. One possible transfer
pathway was found, based on a calculated [LysTyr(O•)Cys+H]+ conformation at an energy ~130
kJ mol-1 above the sulfur radical ground state (Figure D2, structure VIII). Radical migration
resulting from this structure would involve the C-terminal carboxylic acid as the PCET mediator,
similar to the water molecule in the solution-phase work.311 The sulfur would be deprotonated by
the basic oxygen of the carboxylic group while the carboxylic proton is donated to the phenoxyl
oxygen of Tyr. Meanwhile, the electron would transfer from the Cys to the Tyr side chain, also
traversing the carboxylic acid (see Scheme 5.1). A more detailed computational and experimental
study of this mechanism is currently under way.

Conclusions

Radical migration, both intramolecular and intermolecular, from Tyr(O•) to Cys(S•) was
studied in the gas phase experimentally and via theoretical calculations. Fast HAT was observed
in ion-molecule reactions between the radical cation of HomoTyr and n-propyl thiol. This reaction
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Scheme 5.1. Possible gas-phase pathway of radical migration via PCET from
Tyr(O•) to Cys(S•) mediated by the C-terminus in the tripeptide LysTyrCys, where
R indicates the Lys residue and the N-terminus.

was calculated to be exothermic by ~30 kJ mol-1. For the intramolecular radical transfer studies,
radical cations of the model peptide LysTyrCys were formed via two different methods, which
afforded regiospecific production of Tyr(O•) or Cys(S•) radicals. Collision-induced dissociation of
these isomeric species displayed evidence of the radical migration from oxygen to sulfur, which
was calculated to be slightly exothermic. The reverse, endothermic process (S•-to-O• radical
transfer), was not observed. Ion-molecule reactions of the LysTyrCys radical cation with allyl
iodide provided an additional confirmation of the Tyr(O•)-to-Cys(S•) radical migration. While a
direct HAT from the thiol of Cys to the Tyr phenoxyl oxygen in the radical cation of LysTyrCys
is not possible due to the geometric constraints, an alternative mechanism involving a proton
shuttle by the C-terminal carboxylic group was proposed. Future studies will explore radical
migration in systems with Gly spacers, e.g., LysTyr(Gly)nCys, where Cys and Tyr side chains can
come into direct contact.

CHAPTER 6
MODULATION OF PHENOXYL RADICAL REACTIVITY
DUE TO HYDROGEN BONDING AND SPIN DENSITY i

Abstract

The effects of hydrogen bonding and spin density at the oxygen atom on the gas-phase
reactivity of phenoxyl radicals were investigated experimentally and theoretically in model
systems and the dipeptide LysTyr. Gas-phase ion-molecule reactions were carried out between
radical cations of several aromatic nitrogen bases with the neutrals nitric oxide and n-propyl thiol.
Reactivity of radical cations 4-6 correlated with the spin density. The possibility of hydrogen
bonding was explored in compounds which allowed four-, five-, and six-membered ring to be
formed between the protonated nitrogen and the phenoxyl oxygen, while possessing similar spin
density at the oxygen atom. The N+-H…O• bond length was calculated to decrease in the series (13), consistent with the theoretical calculations finding weak hydrogen bonding in 2 and strong
hydrogen bonding in 3. This coincided with the decrease in reaction rates of 1-3 with both nitric
oxide and n-propyl thiol. DFT calculations found that the lowest energy structure of the distonic

i
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radical cation of the dipeptide [LysTyr(O•)]+ has a short hydrogen bond between the protonated
Lys side chain and the phenoxyl oxygen, 1.70 Å, which is consistent with its low reactivity.

Introduction

Free radicals play key roles in protein chemistry due in part to their ability to transform
substrates within the active sites of enzymes.9, 52 Radical sites in proteins are normally found on
reactive amino acid side chains, of which, tyrosine phenoxyl radicals are among the most
prominent (Scheme 6.1, A). These tyrosyl radicals are thought to be important intermediates in
the action of the enzyme Class I Ribonucleotide Reductase (RNR) of E. Coli,58, 61-62 production of
oxygen in photosystem II,326-328 and the oxidation of peroxides in cytochrome C oxidases.307 They
have also been implicated in radical-induced protein damage, and are the precursors of various
post-translational modifications (3,3’-dityrosine, 3-nitrotyrosine, and tyrosine-cytosine crosslinking).329-332
With the abundance of recent experimental data obtained via X-ray crystallography, highfrequency EPR, and ENDOR spectroscopy, which revealed structural information about local
protein environments, it is widely accepted that tyrosyl radicals are often stabilized by hydrogen
bonding.221, 324-325, 333-339 Hydrogen bonding between a phenolic hydrogen and a properly oriented
basic group such as histidine residue (Scheme 6.1, B325) modulates the formation and chemical
behavior of the ensuing tyrosyl radical by changing redox potential of the tyrosine/tyrosyl radical
pair.57, 325, 340-344
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Scheme 6.1. Depiction of tyrosyl radical in native form (A), hydrogen bound to a
histidine side-chain (B),325 and as a previously developed model compound (C).345

There has been considerable interest in developing model systems to better understand the
effects of hydrogen bonding on the properties of tyrosyl radicals.323-324, 345-347 Most of these
systems incorporate both a phenol and a basic nitrogen atom in a close proximity to facilitate the
formation of hydrogen-bonded phenoxyl radical, as shown for C in Scheme 6.1.345 Varying the
substituents in the phenyl ring and the chemical surroundings of the nitrogen was shown to affect
both redox potentials and the EPR signals.316, 324, 342-343, 348
Despite the success of solution-based approaches, there are several advantages of using
mass spectrometry-based approaches to examine the fundamental gas-phase chemistry of relevant
distonic ion model systems.263 Apart from significantly reducing the time and sample quantity
required for these studies, they shut down the possibility of radical self-termination reactions due
to the columbic repulsion of the charge sites. In addition, they reduce the overall complexity of the
system by limiting the chemistry of intramolecular interactions and avoiding complications from
intermolecular hydrogen bonding with solvent molecules. Notwithstanding the recent renaissance
of mass spectrometry-based studies of amino acid and peptide radical ions, the effects of hydrogen
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bonding on radical reactivity have not been widely studied. A rare example ascribed the differences
between the gas-phase reactivity of distonic radical cations of cysteine (Cys) and homocysteine
(Hcy) to hydrogen bonding effects arising from the difference in the distances between the Nterminal hydrogen atom and the sulfur radical (Scheme 6.2).349

Scheme 6.2. Hydrogen bond length in Cys and Hcy radical cations.

Mass spectrometry has been used to study gas-phase chemistry of tyrosyl radicals.350-352
Siu and co-workers initially demonstrated the ability to form radical cations of peptides using the
ternary copper (II) complex dissociation method in peptides containing tyrosine and an assisting
basic amino acid.351 This method was later utilized to form radicals and study a wide variety of
tyrosine-containing peptides.352-355 Covalent chemical modification of the tyrosine side chain and
subsequent homolytic cleavage of a labile bond has been another productive route to formation of
Tyr-based radical cations. This method has been successful in generating radical cations of
iodotyrosine-containing peptides through photo-irradiation by Julian and co-workers.356-357 They
postulated that the initial phenyl carbon radical can quickly rearrange into the oxygen-based
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phenoxyl radical species.357-358 However, because the tyrosyl radical easily loses its side chain in
the gas phase, resulting in the captodatively-stabilized glycine radical, forming and studying the
oxygen-based radical cation of tyrosine is a challenge.322, 359-360 Sui and co-workers were able to
form small amounts of the tyrosyl radical through collision-induced dissociation (CID) of
[Cu(Tyr)2]2+ complex.359 However, these ions dissociated rapidly to yield the p-hydroxybenzyl
and p-cresol radical cations, which indicated the dissociation of the α-β bond and loss of the side
chain.359 Similarly, radical generation at tyrosine residues in peptides are known to result in
characteristic side chain losses under mild CID conditions.360-361
In this study, we circumvent this problem by using model nitrogen bases 1-3 (Scheme 6.3)
that possess a phenoxyl radical site but lack facile elimination channels as seen with the loss of the
Tyr side chain. Choosing the position of the nitrogen atom in the molecule allows us to explore
the possibility and vary the extent of hydrogen bonding in the resulting radical cation. The effects
of spin density at the oxygen atom on these reactions are also investigated using compounds 4-6
(Scheme 6.3). We utilize gas-phase ion-molecule reactions (IMRs) to probe the reactivity of these
radical species and density functional theory (DFT) calculations to complement the experimental
data. We also examine the chemistry of the radical cation of the dipeptide, [LysTyr(O•)]+.
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Scheme 6.3. Model oxygen-radicals in nitrogen bases with varying extent of
hydrogen bonding (1-3) and spin electron density at the oxygen atom (4-6).
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Experimental

Materials

All chemicals and reagents were used as received without any further purification. All
model compounds, or their precursors, including 2-hydroxypyridine, 8-hydroxyquinoline, 4methoxypyridine, 2-methoxypyridine, 6-methoxyquinoline, salicylaldehyde, and propylamine,
were purchased from Sigma-Aldrich (Milwaukee, WI).
2,2’:6’,2”-terpyridine,

n-propyl

thiol,

potassium

The remaining reagents, CuSO4,

carbonate,

dimethylformide

(DMF),

dimethylsulfate, diethylether, and sodium sulfate, were purchased from Sigma-Aldrich
(Milwaukee, WI). The dipeptide LysTyr was synthesized by, and purchased from Selleckchem
(Houston, TX). Premixed gas containing 1% nitric oxide in laser grade helium and well as pure
nitric oxide were purchased from AirGas (Chicago, IL). Methanol was purchased from Fisher
(Pittsburg, PA). Water was purified (18 MΩ) in-house.

Synthesis

2-Propyliminomethyl-phenol. This compound was synthesized through a standard Schiff base
procedure.362-364 Ethanol (5 mL) was added to a reaction vessel. Salicylaldehyde (1 mmol) and
propylamine (1 mmol) were then added directly to the solvent. The mixture was allowed to stir
for 30 min., during which time a precipitate formed. The title compound was isolated via filtration
as a solid yellow powder. The sample was used without purification.
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The methoxy compounds were synthesized in a similar manner as previously described.365-366

2-Methoxypyridine. 2-Hydroxypyridine (2 mmol) and sodium hydride (4 mmol) were sealed in a
reaction vessel. The mixture was purged with nitrogen and DMF (5 mL) was added. The resulting
mixture was heated to 50 oC for 30 min. The reaction mixture was then allowed to cool to room
temperature. Finally, dimethylsulfate (4 mmol) was added dropwise to the reaction mixture. The
resulting solution was allowed to stir at room temperature overnight. The reaction mixture was
then poured over water (20 mL) and the aqueous mixture was extracted with diethylether (2 x 20
mL). The combined organic extract was rinsed with brine (50 mL) and dried over Na2SO4. Title
compound was isolated as a colorless oil upon solvent removal under reduced pressure. The sample
was used without further purification.

5-Methoxyquinoline. DMF (2 mL) and dimethylsulfate (0.6 mmol) were added to a mixture of 5hydroxyquinoline (0.3 mmol) and potassium carbonate (0.7 mmol). The resulting suspension was
allowed to stir at room temperature overnight. The mixture was then poured over water (10 mL)
and the aqueous mixture as extracted with diethylether (2 x 10 mL). The combined organic extract
was rinsed with brine (30 mL) and dried over Na2SO4. The solvent was removed under reduced
pressure to afford the title compound as a deep purple solid. The sample was used without further
purification.
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8-Methoxyquinoline. DMF (2 mL) and dimethylsulfate (0.6 mmol) were added to a mixture of 8hydroxyquinoline (0.3 mmol) and potassium carbonate (0.7 mmol). The resulting suspension was
allowed to stir at room temperature overnight in a sealed vessel. The mixture was then poured over
water (10 mL) and the aqueous mixture as extracted with diethylether (2 x 10 mL). The combined
organic extract was rinsed with brine (30 mL) and dried over Na2SO4. The solvent was removed
under reduced pressure to afford the title compound as an off-white solid. The sample was used
without further purification.

Caution! Dimethyl sulfate is a confirmed carcinogen, mutagen and is readily absorbed through
the skin or respiratory tract. Additionally, the compound is extremely flammable. Users should be
trained in the handling of air sensitive reagents and should familiarize themselves with the
corresponding MSD sheet.

Mass Spectrometry

Mass spectrometry experiments were carried out using a Bruker Esquire 3000 quadrupole
ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) modified to conduct ionmolecule reactions as described previously.187
Stock solutions of the synthesized or purchased model compound precursors were prepared
as 1 mM in methanol. The methoxy derivatives of species 1, 2, 4-6 were diluted to 10 µM in
methanol with 1% acetic acid. Compound 3 was mixed at a 1:1 ratio with a solution of 1 mM
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CuSO4 and 1 mM 2,2';6',2"-terpyridine in 1:1 water/methanol, allowed to react for 30 min., and
diluted to a final concentration of 10 µM in methanol.
All samples were subsequently introduced into the electrospray ionization (ESI) source of
the mass spectrometer at a flow rate of 5 µL min-1. The nebulizer gas, needle voltage, and
temperature were adjusted to approximately 12 PSI, 4.0 kV, and 250 ⁰C. All other tunable
instrument parameters were optimized to give maximum yield of the desired ions.
The formation of the radical ions of interest was achieved through successive isolation of
the parent ion, CID, and a second isolation of the radical cation. Under these conditions, methoxy
compounds underwent facile methyl radical loss to yield the radical cation of interest. The radical
cation of compound 3 was formed using the copper complex dissociation method, as previously
described. 350-351 The isolation window used in these experiments ranged from 0.7 to 2.0 m/z. The
exact value was determined during the experiment as the width that resulted in the maximum
abundance of the desired ion while excluding all other ions. The CID amplitude ranged from 0.400.75 V and was experimentally set to the value that yielded the greatest intensity of the desired
fragment ion.

Ion-Molecule Reactions

The isolated radical cations were subjected to IMRs with the neutral species nitric oxide
and n-propyl thiol. Reactions were achieved by introducing nitric oxide into the trap via the helium
line from a 1% nitric oxide in helium premixed cylinder. The internal helium regulator was
unmodified from normal usage. The n-propyl thiol was introduced to the trap through a leak valve,
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as previously described.349 In both cases, a scan delay was employed and determined the reaction
time. The exponential decay of the reactant radical cation was found by monitoring the relative
ion intensity over a series of delay times (0-5000 ms). Each time point was acquired for a
minimum of 1 minute. The relative rate constants were determined in comparison to that of the 4hydroxypyridine radical cation, which was run each day that an experiment was performed.
Verification of relative reactivity for slower reacting radical cations was achieved by
reacting the isolated radical with nitric oxide introduced through a leak valve, which was able to
supply a higher partial pressure of the gas. For these experiments, the reaction time was
determined based on a scan delay of 1000 ms before the final product ion scan.

Density Functional Theory Calculations

Optimization of the geometries for each of the structures was done using the Gaussian 09
suite of programs.315 Initial optimizations were performed using the hybrid B3LYP functional and
the 3-21G* basis set. All minima located at this level of theory were then re-optimized using the
same functional and the 6-311++G(d,p) basis set. Zero-point corrected energies and Natural Bond
Order (NBO) were computed at the same level of theory.
Critical point and bond path calculations were performed using B3LYP/6-311++G(d,p)
wavefunctions and the AIMAll program,367 which implements the Quantum Theory of Atoms In
Molecules (QTAIM) theory developed by Bader and coworkers.368-370
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Results and Discussion

Formation of Radical Cations

The radical cations of species 1, 2, and 4-6 were generated via homolytic cleavage of the
methyl group (loss of 15 Da) from the appropriate methylated precursor ion (i.e. Eq. 6.1 and Figure
6.1a).

Eq. 6.1

This method was chosen as it specifies the initial location of the radical on the oxygen atom,
resulting in exclusively structures 1, 2, and 4-6. The high yield of the radical cation and the
minimal amount of competing fragmentation channels allowed for sufficient ion production to
carry out IMRs and determine relative rate constants.
The radical cation of 2-propyliminomethyl-phenol (3) was produced through the
dissociation of the copper ternary metal complex (Eq. 6.2).350-351

[CuII(terpy)(M)] 2+  [CuI(terpy)]+ + [M]•+

Eq. 6.2
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Figure 6.1. Formation via CID and subsequent reactivity of the 4-hydroxypyridine
radical cation 4: a) CID of the protonated 4-methoxypyridine ([MOCH3+H]+) at
m/z 110. The resulting ion ([M(O•)+H]+) at m/z 95 is the radical cation from
homolytic cleavage of the RO-CH3 bond, corresponding to 4. b) IMR of 4,
([M(O•)+H]+), with nitric oxide. This reaction produced the radical combination
product, [M(ONO)+H]+, at m/z 125. The reaction time was 75 ms. c) IMR of 4,
([M(O•)+H]+), with n-propyl thiol. This reaction results in HAT, yielding
[M(OH)+H]+ at m/z 96. The reaction time 250 ms.
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Using copper complex dissociation, the initial radical location is often debated. In solution, these
types of compounds have been shown to coordinate Cu(II) through the oxygen atom.345 In
addition, a compound similar to the radical cation of 3 was previously produced in solution
electrochemically (Scheme 6.1C; R1 & R2 =H, R3 = C3H7), and was assigned the oxygen-based
radical structure.345 To supplement these findings, DFT calculations were performed to search for
alternative structures of the 2-propyliminomethyl-phenol radical cation (3). They all consistently
converged on a structure with the nitrogen protonated and the radical located on the phenoxyl
oxygen.

DFT Analysis of Model Compounds

The

radical

cations,

2-hydroxypyridine

(1),

8-hydroxyquinoline

(2),

and

2-

propyliminomethylphenol (3), have 4-, 5-, and 6-membered ring structures, respectively,
containing the N+-H…O• motif. To further compare the compounds, DFT calculations were used
to determine the N+-H…O• bond length and electron spin density in the lowest energy structures
(Figure 6.2). As expected, N+-H…O• bond lengths decreased as the number of ring members
increased, ranging from ~2.5 Å for 2-hydroxypyridine (1), to ~2.3 Å for 8-hydroxyquinoline (2),
and ~1.9 Å for 2-propyliminomethylphenol (3). The electron spin density, which can be used as
a measure of radical delocalization, was found to be 0.37 for 2-hydroxypyridine (1), 0.36 for 8hydroxyquinoline (2), and 0.34 for 2-propyliminomethyl-phenol (3). The similarity of electron
spin density in the three compounds (1-3) narrows the comparison of their reactivity to the effect
of the potential hydrogen bond length and angle.
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Figure 6.2. DFT-calculated (B3LYP 6-311++G(d,p)) lowest energy structures of
model compounds: 2-hydroxyquinoline (1), 8-hydroxyquinoline (2), and 2propyliminomethylpheno (3), 4-hydroxyquinoline (4), 5-hydroxyquinoline (5) and
6-hydroxyquinoline (6). Bond lengths are in Å and spin densities are indicated in
italics.
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Natural Bond Order analysis and Quantum Theory Atom-In-Molecules calculations were
also performed on these systems. QTAIM calculations find regions of inflection of electron
density, and characterize the regions as “critical points” based on the effect of the inflection.
Metaphorically, a bond critical point is a transition point between two nuclear attractors, just as a
conventional transition state is a stationary point between reactants and products. The bond path
can be thought of as the path of maximum electron density between atomic nuclei, with a bond
critical point as the position where an entity traveling that path away from one nucleus finds
equilibrium between that nucleus and another. In the cases of the molecules examined here, bond
paths deviated from geometric paths (the conventional ones thought of as bonds, used to define
molecular geometries), by less than 0.002 Å.
NBO calculations did not find stabilization for compound 1 above a threshold of 1 kJ mol1

and QTAIM did not find a critical point for a hydrogen bond. For compound 2, NBO calculations

indicated that this radical cation was stabilized by 2.4 kJ mol-1 over a molecule of identical
structure but without a hydrogen bond. However, no critical point was found in the QTAIM
calculation. Finally, for compound 3, NBO calculations found a strong hydrogen bond providing
a stabilization of 46 kJ mol-1. The QTAIM calculations for this compound show a clear critical
point of the correct curvature.
The electron spin density on the oxygen atom was also calculated for radical cations 4-6
(Scheme 6.3). They were found to be 0.61 for 4, 0.34 for 5, and 0.43 for 6.
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Gas-Phase Reactivity of Model Compounds

To evaluate reactivity, model radical cations were reacted with nitric oxide yielding radical
combination, which results in an addition of 30 Da (Eq. 6.3 and Figure 6.1b):

[M(O•)+H]+ + •NO  [M(ONO)+H]+

Eq. 6.3

This was the only reaction product observed in all cases. Reactivity of radicals in general, and
phenoxyl radicals in particular, is known to be dependent on spin density at the reactive site.371-372
To test how spin densities affect gas-phase reactivity, compounds 4-6, where spin densities at the
oxygen atom were calculated to vary substantially, were reacted with nitric oxide. Compound 4,
with a spin density at the oxygen atom of 0.61 was found to be the most reactive towards •NO of
all the compounds tested. Therefore, all other rates are reported as percent relative to the reactivity
of 4. Radical cation 6 (spin density of 0.43) displayed a rate of 7%, and species 5 (spin density of
0.34) was even less reactive at 2%. Since reactivity of the radical cations correlates with the spin
density at the oxygen atom, a subset of model compounds (1-3) with approximately the same spin
density (~0.35) were used to investigate the effects of intramolecular N+-H…O• distance on oxygen
radical reactivity.
Previous studies in solution by Ingold and co-workers have evaluated the reactivity of
phenols with various reactive radical species and found that the degree of intermolecular hydrogen
bonding of the phenol to the solvent generally decreases the reaction rate.373-375 All of these studies
investigated radicals reacting with hydrogen-bonded compounds. For the instances where
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intramolecular hydrogen bonding within the radical-containing species affects its reactivity, there
is very little data. Our previous study explained the differences between the gas-phase reactivity
of distonic radical cations of cysteine and homocysteine by the difference in the distances between
the N-terminal hydrogen atom and the sulfur radical (Scheme 6.2) 349. Sulfur, however, is not as
efficient at forming strong hydrogen bonds as F, O, and N.
Model compounds 1-3 were reacted with nitric oxide (Eq. 6.3). These data were compared
with the calculated N+-H…O• distance (Table 6.1). The rate constants are listed relative to
reactivity of 4-hydroxypyridine (4). As shown in the table, species 1 and 2 are much less reactive
towards NO than 4 (5% and 0.7%, respectively).
For the slowest reacting compound, 2-propyliminomethyl-phenol (3), the partial pressure
of the stock 1% nitric oxide in helium was not sufficient to bring the reaction rate into the
quantifiable range. To circumvent this issue, the partial pressure in the trap was increased with
additional nitric oxide via a leak valve.349 This allowed for the determination of the upper limit of
the rate constant, < 0.3% relative to compound 4.
As expected, there was an evident decrease in reactivity with decreasing N+-H…O• distance.
In the case of the 2-hydroxypyridine radical cation (1) this distance was calculated to be 2.45 Å
and the geometry of the ion is unfavorable because N-H and C-O bonds point away from one
another. This is consistent with both NBO and QTAIM calculations that found no hydrogen bond
in 1. The 8-hydroxyquinoline radical cation (2) has a shorter N+-H…O• distance of 2.26 Å with a
5-membered ring structure resulting in more favorable hydrogen bonding angle. NBO analysis
found minor stabilization of 2.4 kJ mol-1 for this interaction, which suggests the possibility of a
weak hydrogen bond. This correlates with a factor of seven decrease in rate constants going from
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1 to 2.

The slowest reacting compound, 2-propyliminomethyl-phenol (3), had the shortest

hydrogen bond of 1.87 Å which is part of a six-membered ring enabling almost optimal orbital
interaction for hydrogen bonding, confirmed by both NBO and QTAIM. The corresponding
decrease in reaction rate constants from 2 to 3 is at least a factor of two.
The nearly constant spin density in compounds 1-3 (~0.35) and the lack of steric hindrance
at the oxygen atom (Figure 6.2) suggest that the N+-H…O• may affect the radical reactivity in the
subset 1-3. These results mirror our previous findings involving Cys and Hcy radical cations. In
both amino acid the spin density at the sulfur atom was calculated to be nearly 1.0. However, the
decreased length of the S•…H-N+ hydrogen bond in Hcy (Scheme 6.2) resulted in a greater than a
two-fold decrease in radical reactivity.
In addition, we computationally explored the thermodynamics of the radical ion
recombination reaction with •NO (F 6.3). The calculated enthalpies of this reaction for the radical
cation species 1 - 4 are given in Table 6.1. The corresponding reaction free energies as well as the
product geometries are shown in Figure 6.3. The recombination reaction for the “control” radical
cation 4 was calculated to be exothermic by 164 kJ mol-1. For the 2-hydroxypyridine radical cation
(1), H was found to be -103 kJ mol-1, while for the 8-hydroxyquinoline radical cation (2), the
corresponding enthalpy change was - 64 kJ mol-1. The radical cation of 2-propyliminomethylphenol (3) had the lowest enthalpy change at - 61 kJ mol-1. A typical O-NO bond dissociation
energy (BDE) is the range of 45-75 kJ mol-1 in substituted phenols,376 where electron-withdrawing
substituents stabilize the radical less resulting in higher BDE values. In compound 3 the protonated
imino substituent is highly electron-withdrawing. However, the BDE value falls in the middle of
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Figure 6.3. Reactions enthalpies and free energies of radical combination between
nitric oxide and the model compounds calculated at the 6-311++G(d,p) level of
theory.
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Table 6.1. Kinetics and thermodynamics for the reactions of model compounds 14 with nitric oxide and n-propyl thiol. Rate constants are displayed as percent
relative to the rate of the 4-hydroxypyridine radical cation (4) with each neutral.

Radical Cation Species

H-Bond
Length (Å)†

Nitric Oxide
∆H of Reaction
(kJ mol-1)†

Nitric Oxide
Rate Const. (%)

n-Propyl Thiol
Rate Const. (%)

1
2-Hydroxypyridine

2.45

-102.7

5

90

2
8-Hydroxyquinoline

2.26

-64.4

0.7

9

3
2-Propyliminomethylphenol

1.87

-61.4

< 0.3‡

< 3‡

4
4-Hydroxypyridine

--

-163.5

100

100

†
‡

Calculated at the B3LYP 6-311++G(d,p) level of theory.
Reactivity observed, but product yield was below quantifiable range.
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the typical O-NO range, possibly due to extra stabilization of the phenoxyl radical by the short
hydrogen bond. These calculations suggest that both the exothermicity of the reaction (Eq. 6.3)
and the N+-H…O• interaction correlate with the gas-phase reactivity towards •NO in the series 1 4.
To further investigate the reactivity trends, the radical cations 1-4 were also subjected to
reactions with n-propyl thiol. Such reactions proceeded via hydrogen atom transfer (HAT) (Eq.
6.4 and Figure 6.1c).

[M(O•)+H]+ + C3H7SH  [M(OH)+H]+ + C3H7S•

Eq. 6.4

The neutral n-propyl thiol was introduced through a leak valve, and rate constants were determined
relative to the reactivity of compound 4 (Table 6.1). The decrease in reactivity of n-propyl thiol
with compounds 1 > 2 > 3 correlates with the relative N+-H…O• length and geometry.

Hydrogen Bonding of Phenoxyl Radicals in Peptides

The degree of hydrogen bonding to the phenoxyl radical of tyrosine oxidation sites in
proteins varies greatly across enzymes.377 Even within RNRs, the mouse variety possesses a
hydrogen bond to the radical, while the E. Coli version does not.378 The redox-active phenol in E.
Coli class I RNR does possess a hydrogen bond to a neighboring aspartate residue, but upon
oxidation the hydrogen bond is broken.378 It has been proposed that state-specific changes in the
hydrogen bonding to redox-active tyrosines, like those in E. Coli, may be an example of broader
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kinetic modulation of radical chemistry.379 Therefore, the effect of hydrogen bonding on the
reactivity of phenoxyl radicals is important to understanding oxidation mechanisms in enzyme
catalysis.
While efforts to form the radical cation of the amino acid tyrosine through dissociation of
copper ternary complexes has not often been successful in generating suitable yields of the
radical,359 the tyrosine-based phenoxyl radical in peptides with neighboring basic amino acid
residues can be formed.351-352 To compare the results of our model compounds, the radical cation
of the dipeptide LysTyr was generated. This type of radical was previously assigned the structure
with protonated Lys side chain and the Tyr phenoxyl radical.351-352 It is well known that Tyr(O•)
radical cations undergo facile cleavage of the Cα-Cβ bond and loss of the side chain during CID.358,
361

Approximately 5% of this loss is seen in the CID of the LysTyr radical cation (Figure 6.4).

The presence of Tyr side-chain cleavage indicates the existence of the oxygen-based radical
isomer. However, the low yield of this fragment suggests that either hydrogen bonding is
stabilizing the phenoxyl radical or other isomers of the radical cation of LysTyr are formed. To
address these questions, studies involving ion spectroscopy of [LysTyr]•+ are underway.
The DFT analysis of gas-phase structures of [LysTyr(O•)]+ revealed that the lowest-energy
structure has a hydrogen bond (1.70 Å) from the Lys side-chain amine to the phenoxyl oxygen, in
addition to another hydrogen bond (1.65 Å) between the Lys side-chain amine and the amide
oxygen (Figure 6.5 A). Structures that lack one, or both, of these hydrogen bonds are all higher in
energy (Figure 6.5 B-E).
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Figure 6.4. CID spectrum of the radical cation [LysTyr(O•)] +. The spectrum was
generated via dissociation of the metal ternary copper complex (m/z 302.5),
followed isolation of the radical cation (m/z 309), and subsequent CID.
Approximately 5% of the Tyr side-chain loss (m/z 203) is seen in the spectra.
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Figure 6.5. Theoretical structures of the [LysTyr(O•)]+ radical cation in the gas
phase. Structure A represents the lowest energy structure with a hydrogen bond to
the phenoxyl radical of 1.7 Å. Structures B-D are higher energy structures lacking
a hydrogen bond to the phenoxyl oxygen radical. Relative energies compared to
structure A are given in kJ mol-1. Calculations were performed at the 6311++G(d,p) level of theory.
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In an effort to compare the dipeptide radical cation to the model compounds, IMRs with
both nitric oxide and n-propyl thiol were attempted. Under the same conditions used to react the
model compounds, only minor unidentifiable products were formed. The calculated hydrogen
bond length in the lowest-energy structure of [LysTyr(O•)]+ is 1.70 Å, which is shorter than 1.87
Å in 2-propyliminomethyl-phenol (3). Thus, no substantial reactivity is expected from the gasphase dipeptide radical cation.

Conclusions

The gas-phase reactivity of radical cations containing a protonated nitrogen at various
distances from the phenoxyl oxygen has been compared. There is a strong correlation between the
intramolecular hydrogen bonding ability within the N+-H…•O motif and the rate of ion-molecule
reactions of these radical species with nitric oxide and n-propyl thiol. The reactivity decreases
going from the 4-membered ring structure (1) where no hydrogen bonding was found by
theoretical calculations, to the 5- and 6-membered ring species (2 and 3) with decreasing hydrogen
bond lengths. This trend generally follows the thermodynamics of the reaction (Eq. 6.3) which
becomes progressively less exothermic as the N+-H…•O distance decreases.
The precise roles that hydrogen bonding exerts on bimolecular reactivity (i.e., steric
hindrance, distortion of the SOMO orbital, etc.) will be further explored by using DFT calculations
to fully examine the potential energy diagrams associated with small model systems. There have
been multiple studies of the effect of solvent-substrate hydrogen bonding on radical reactivity and
the effects of intramolecular hydrogen bonding on the radical electrochemical production or EPR
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signature. However, this is one of a few works where the radical reactivity is directly affected by
intramolecular hydrogen bond to the radical site.
In particular, the reactivity data presented herein provides fundamental information on
model systems for protein-based tyrosine phenoxyl radicals whose reactivity is modulated by
hydrogen bonding. Our study confirms the possibility that the radical reactivity can be tuned by
changing the hydrogen bond parameters within the radical microenvironment.
One of the main advantages of gas-phase studies is the ability to screen multiple
compounds in a quick and efficient way with minimal reagent consumption. With that in mind, it
is possible to investigate the effects of various substituents in compound 3 (as in Scheme 6.1 C)
on the radical reactivity. This will be a subject of future studies.

CHAPTER 7
THE CYTOSINE RADICAL CATION:
STRUCTURE AND REACTIVITY IN THE GAS PHASE i

Abstract

The radical cation of cytosine (Cyt•+) was generated via dissociative oxidation from a
ternary Cu(II) complex in the gas phase. The radical cation was characterized by infrared multiple
photon dissociation (IRMPD) spectroscopy in the fingerprint region, UV-Vis photodissociation
(UV-PD), ion-molecule reactions, and theoretical calculations (density functional theory and ab
initio). The IRMPD experimental spectrum was best matched by a mixture of four isomers of Cyt •+
(two enol/amino and two keto/amino) that were calculated to be among the lowest-energy isomers
in concert with a previous work (J. Wolken, et al., Int. J. Mass Spectrom. 2007). While UV-PD
action spectrum can also be matched to a combination of the four lowest-energy tautomers, it does
not rule out a non-classical distonic radical cation. Its formation is, however, unlikely due to the
high energy of this isomer and the respective ternary Cu(II) complex. Gas-phase ion-molecule
reactions showed that Cyt•+ undergoes hydrogen atom abstraction from n-propyl thiol, radical
recombination reactions with nitric oxide, and electron transfer from dimethyl disulfide.

i

The material presented in this chapter has been submitted for publication as: Lesslie, M.; Lawler, J. T.; Dang, A.;
Korn, J.A.; Bim, D.; Steinmetz, V.; Maitre, P.; Tureček, F.; Ryzhov, V., “Cytosine radical cation: a gas-phase study
combining IRMPD spectroscopy, UV-PD spectroscopy, ion-molecule reactions, and theoretical calculations,”
ChemPhysChem 2017 (under review).
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Introduction

The building blocks of DNA are susceptible to undesired chemical modifications that may
result in loss or change of function.3, 380 For nucleobases, radical formation via oxidative chemical
reactions or ionizing radiation is of particular concern as such modifications can have particularly
severe consequences such as strand breaks, mutagenesis, and cancer.381-382 Whether direct,
(radiation induced) or indirect (via chemical reaction), oxidation often results in the formation of
a nucleobase radical cation within the DNA strand.383 This species undergoes a variety of
reactions.384 Most notably, charge transfer via electron hole-migration is followed by proton
transfer, which disrupts the hydrogen bonding network leading to eventual strand scission.384
It is notable that the local environment experienced by nucleobases within DNA is different
from model systems in water. In that regard, gas-phase data can be useful in providing insight into
intrinsic chemistry of the often-transient nucleobase radicals. Such solvent-free analysis is
unencumbered by multi-conformational averaging and counterion effects, allowing for direct
experimental observation of the specific radical species.
Multiple gas-phase studies have been devoted to the charged even-electron species of
nucleobases and nucleosides in an attempt to uncover the intrinsic structure and properties of the
DNA building blocks. Early mass spectrometry based characterization methods, such as kinetic
methods, lacked the ability to accurately discriminate between the multiple low-energy structures
which are possible for the nucleobases and nucleosides. However, they were successful in
characterization of properties such as proton affinity,385-386 and metal-binding energetics.387
Likewise, ion-mobility mass spectrometry (IM-MS) was successful in the characterization of the
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conformational shapes of oligonucleotides,388 dinucleotides,389 and mononucleotides.390-391 Such
IM-MS studies, which focus on large flexible species, are unfortunately unable to resolve the
nucleobase conformers due to their similar cross sectional area.
The development of infrared multiple photon dissociation (IRMPD) spectroscopy, in
combination with computational chemistry, presented a novel step forward for the direct structural
observation of gas phase ions, and has been leveraged extensively for the structural elucidation of
the DNA constituents. The Maître group originally determined the protonated structure of the gasphase pyrimidine nucleobases to be predominantly the lowest energy enol/amino form with only
minor contributions of the keto/amino tautomer.212 This work was quickly followed by the analysis
of monohydrated nucleobases.213, 216 Since those initial studies, IRMPD spectroscopy has been
utilized to examine a multitude of species related to DNA constituents, including, nucleosides,392395

nucleotides,214 nucleobase dimers,215 and metal-bound species.396-399
Significantly less work has been done, however, on the examination of one-electron

oxidation products of DNA and its constituents (i.e., nucleobase radical cations) in the gas phase.
This first instances revolved around the use of the high-energy electron impact (EI) ionization
method to study the fragmentation pathways of the nucleobase radical cations.400-401
Neutralization-reionization mass spectrometry (NR-MS) has been used in combination with highlevel theoretical calculations to model, study the energetics, and examine the probable structures
of the nucleobases and their corresponding radical cations.402-408 Most recently, a mixture of
cytosine radical cation isomers has been produced by synchrotron-based VUV photoionization of
gas-phase cytosine produced in a molecular beam and characterized by ionization energy
measurements that were in accord with high-level ab initio calculations.409
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An alternative nucleobase radical cation generation method was required to be compatible
with the mass spectrometers used for gas-phase spectroscopic methods. Dissociation of ternary
copper complexes under collision-induced dissociation conditions in ion traps was originally
shown to generate singly-charged radical cations of peptides (Eq. 7.1).169-171 Subsequently, this
method was extended to the generation of nucleobase and nucleoside radical cations.178-179 Using
this technique, O’Hair and co-workers were able to successfully determine the tautomeric form of
the substituted nucleobase 9-methyl guanine radical cation,180 as well as, the nucleoside
deoxyguanosine radical cation, via IRMPD spectroscopy.410

[CuII(terpy)(M)]•2+  [CuI (terpy)]+ + M•+

Eq. 7.1

While these studies demonstrate the applicability of gas-phase spectroscopic techniques in
defining the native structure of the DNA constituents, the structures of the unsubstituted
nucleobase radical cations in the gas phase formed via oxidative dissociation are yet to be
determined.
The current work focuses on defining the gas-phase conformational composition of the
radical cation of cytosine. Protonated cytosine was found to be a mixture of the two lowest energy
tautomers, the enol/amino and keto/amino species B and C (Scheme 7.1), both formed via
protonation of the most stable neutral species A (conventional numbering used throughout this
work is shown in red).212, 216
In an effort to define the specific tautomeric mixture present in the gas phase, protonated
cytosine ions were hydrated in the hexapole ion guide. The water molecule attachment
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Scheme 7.1. Low energy tautomers of Cyt (A) and protonated Cyt (B & C).

significantly lowered the dissociation barrier and allowed for observation of the species in the NH/O-H stretch region.216 Such an approach, however, is not easily implemented for the radical
cation of cytosine, which has to be formed via CID inside the ion trap. To avoid such complication,
we complement the IRMPD spectroscopy of the cytosine radical cation with the higher-energy
single-photon technique, UV-PD action spectroscopy. Gas-phase spectroscopic experiments in
this range have previously been utilized for the protonated and monohydrated forms of thymine
and uracil.411 Ion-molecule reactions (IMR) are carried out with various neutrals in order to further
examine the chemistry of the cytosine radical cation. Computational chemistry methods are
utilized to evaluate low-energy conformations and estimate theoretical absorbance bands.

Experimental

Materials

All chemicals and reagents were used as received without any additional purification.
Cytosine, copper(II) nitrate trihydrate, 2,2’:6’,2”-terpyridine, n-propyl thiol, and dimethyl
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disulfide were purchased from Sigma-Aldrich (Milwaukee, WI). Methanol (HPLC grade) was
purchased from Fisher Scientific (Pittsburg, PA). Premixed gas containing 1% nitric oxide in laser
grade helium was purchased from Airgas (Chicago, IL). Water was purified (18 MΩ) in house.

Sample preparation

Stock solutions (1 mg/mL) of cytosine, and 2,2’:6’,2”-terpyridine (terpy) were each
prepared in methanol, and Cu(NO3)2 (1 mg/mL) was prepared in 50:50 methanol/water. The stock
solutions of terpy and Cu(NO3)2 were combined 1:1 and diluted 10-fold in methanol. An aliquot
of this solution was then combined 1:1 with the stock solution cytosine, vortexed and allowed to
react for 10 min. at room temperature. The resulting mixture was diluted with methanol to an
appropriate concentration for direct infusion into the mass spectrometer.

Cytosine radical

generation was accomplished via successive isolation of the ternary metal complex,
[CuII(terpy)(M)]2+, where M= cytosine, CID of the complex, and isolation of the dissociation
product M•+.

Ion-molecule reactions

The isolated radical cations were subjected to IMRs with the neutral species nitric oxide,
n-propyl thiol, and dimethyl disulfide via a modified Bruker Esquire 3000 quadrupole ion trap
mass spectrometer (Bruker Daltronics, Bremen, Germany), as previously described.187 Reactions
with nitric oxide were achieved by introducing nitric oxide into the trap via the helium line from a
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1% nitric oxide in helium premixed cylinder. The internal helium regulator was unmodified from
normal usage. The dimethyl disulfide and n-propyl thiol were introduced to the trap through a leak
valve. In both cases, a scan delay of 500 ms was employed and determined the reaction time.

IRMPD action spectroscopy

Gas-phase infrared spectra of the cytosine radical cation were acquired using the FEL
beamline at the Centre Laser Infrarouge d'Orsay (CLIO) facility. Solutions were prepared as
previously described. Radical formation was achieved by using CID in the modified ion trap of
the Bruker Esquire 3000+ (Bruker Daltonics, Bremen, Germany) quadrupole ion trap mass
spectrometer, and were subsequently mass selected. Details of the instrumental setup are described
elsewhere.249 IRMPD was performed on the mass-selected ions, and mass spectra were recorded
over eight averages with a wavelength step of 4.5 cm-1, an irradiation time of 1 s, and laser power
of 700-1500 mW. To ensure reproducibility, each spectrum was acquired twice. The IRMPD
spectra were produced based on -ln (fragment ion/fragment+parent ion) signal ratio as a function
of excitation wavelength.

UV-PD action spectroscopy

Tandem MS (i.e. UVPD-MSn and CID-MSn) and action spectroscopy were performed on
an LTQ-XL-ETD linear ion trap (ThermoElectron Fisher, San Jose, CA) modified with an external
EKSPLA NL301G (Altos Photonics, Bozeman, MT, USA) Nd-YAG laser source operating at 20
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Hz frequency with a 3-6 ns pulse width.412-414 The pump laser is interfaced to the LTQ via
LabView software (National Instruments, Austin, TX, USA), and generates photons which are
directed into a PG142C unit (Altos Photonics, Bozeman, MT, USA). The PG142C unit consists of
a third harmonic generator and optical parametric oscillator coupled with an optional second
harmonic generator (SH), and provides wavelength tuning between 210-700 nm at 0.52-12.69
mJ/pulse peak. The power of the PG142C output beam was measured at each wavelength using an
EnergyMax-USB J-10MB energy sensor (Coherent Inc., Santa Clara, CA, USA). After recording
the power readings, the energy sensor was removed from the beam path, and the PG142C output
beam (6-mm diameter) was focused through a small aperture drilled in the CI source and into the
linear ion trap. In this particular case, the typical experimental setup consisted of electro-spraying
our copper ternary complex solution into the ion trap, performing CID on the doubly-charged
complex to produce the desired singly-charged nucleobase cation radical, and then isolating the
nucleobase cation radical for photo-activation from 210-700 nm. The intensities of the resulting
UVPD-MS3 photo-fragments were monitored as a function of wavelength, and their final
intensities were normalized to the laser output power to plot the action spectra. The number of
laser pulses used during each isolation depended on the degree of photo-dissociation at each given
wavelength, and ranged from 1 to 19 pulses (i.e. 100 to 1000 ms activation time, respectively, with
each successive pulse spaced by 50 ms).
More specifically, the prepared cytosine-copper ternary complex solution was introduced
into the ESI source of the mass spectrometer at a flow rate of 1 uL/min in the positive ion mode.
The spray voltage, capillary temperature, and capillary voltage were adjusted to 2.7 kV, 275 °C,
and 15 V, respectively. The doubly-charged cytosine-copper ternary complex (m/z 203.5) was
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isolated using a 2 m/z isolation window and subjected to CID at 35 NCE for 30 ms. The resulting
singly-charged cytosine cation radical (m/z 111) produced via oxidative dissociation from the
ternary complex was then isolated with a 5 m/z isolation window and subjected to action
spectroscopy via UVPD. The number of laser pulses used throughout the SSH/FSH (210-354 nm),
ESH (355-409 nm), and PG region (410-700 nm) ranged from 3, 15, and 1 pulse(s), respectively
(i.e. 200, 750, and 100 ms activation times). “Blank” background scans were also recorded to
avoid “false” photo-fragment peak assignments due to spectral noise produced by the laser.

Calculations

All calculations were performed using the Gaussian 09 quantum chemical program.250
Geometries were optimized within the framework of Becke’s three-parameter DFT hybrid
functional (B3LYP) and the 6-311++G(d,p) basis set. All optimized structures were subjected to
vibrational frequency analyses to ensure that they corresponded to minima (no imaginary
frequencies) and transition states (1 imaginary frequency). For comparison of theoretical IR
absorbance bands and the experimental IRMPD spectroscopy, a scaling factor of 0.98 was applied
to the predicted IR spectra as calculated at the B3LYP/6311++G(d,p) level. This scaling factor is
known to be appropriate for DFT comparison with IRMPD spectra.217, 415-416 Predicted IR peaks
were convoluted using Gaussian profiles with a full width at half-maximum of 30 cm-1.
Another set of optimized geometries and relative energies of all cytosine cation-radical
tautomers were obtained with the ωB97X-D417 and M06-2X261 hybrid functionals using the 6311+G(2d,p) basis set.

At our highest level of theory, select structures were optimized with
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UMP2(full)/6-31G(d,p) and used for single-point energy coupled-cluster calculations418 with
single, double, and disconnected triple excitations,419 CCSD(T), with the aug-cc-pVTZ basis
set,420 providing benchmark relative energies. All these calculations were performed for doublet
spin states within the spin-unrestricted formalism.

Vertical excitation energies and transition

intensities (oscillator strengths) were calculated for lowest 25 excited states with time-dependent
DFT calculations421 using the ωB97X-D and M06-2X functionals and the 6-311+G(2d,p) basis set.
Another set of excitation energies were obtained with equation-of-motion calculations with
coupled clusters and single and double excitations (EOM-CCSD)422 using the 6-31+G(d,p) basis
set and, for structures 4 and 8 also using the 6-311+G(2d,p) basis set, to benchmark the TD-DFT
energies.423-425 The EOM-CCSD/6-31+G(d,p) and 6-311+G(2d,p) calculations of 4 and 8 showed
nearly identical results (Table S2, Supporting Information) with root mean square deviations of
absorption wavelentgths of rmsd < 2.3 nm. The smaller 6-31+G(d,p) basis set was then used in
EOM-CCSD calculations of all cytosine cation radicals. Comparison of the TD-DFT and EOMCCSD data showed a closer agreement between the M06-2X and EOM-CCSD benchmark
computations for most of the cytosine structures (Table S2, Supporting Information), and this
functional was therefore used to further compute the vibronically-broadened absorption spectra at
300 K.426
Vibronically-broadened

spectra

were

generated with

Newton-X

(version 1.4,

www.newtonx.org),427 PuTTY 0.67 SSH suite (Simon Tatham, 1997-2016), Xming (Colin
Harrison, 2005-2007), and WinSCP (Martin Prikryl, 2000-2016) programs. Optimized Cartesian
atomic coordinates and harmonic frequencies obtained with M06-2X/6-31+G(d,p) were used to
generate random configurations that were weighted according to their Boltzmann factors at 300
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K. A total of 12 excited electronic states and 500 configurations were used to produce each
spectrum.

Results and Discussion

Cytosine radical cation isomers

When the nucleobases are bound within a DNA strand, the hydrogen bonding network of
the Watson-Crick pairing results in highly-favored tautomeric conformations of each base. For
cytosine, the keto/amino form is preferred. However, the free nucleobases can possess a number
of different tautomeric forms. The neutral cytosine molecule has seven formal tautomers (Scheme
7.2) from which one-electron oxidation would result in independent radical cations of the
nucleobase. When considering these seven tautomers computationally, rotational isomers must
also be taken into account, resulting in fifteen possible radical cation species of cytosine (Figure
E1).
The relative energetics of the cytosine tautomeric forms have previously been determined
computationally, both as a neutral species and as radical cations.216, 408 Herein, the potential energy
surface (PES) of the cytosine radical cation was initially explored at the B3LYP/6311++G(d,p)
level of theory (Figurre 7.1 and Figure E1). This approach was found to reproduce the relative
energy rankings of the low-energy tautomers at the highest level of theory previously used,
CCSD(T)/6-311++G(3df,2p), with only minor exceptions (notably species 3, corresponding to the
keto amino N1H tautomer, is found ~ 5 kJ mol-1 higher in energy at both the
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Scheme 7.2. The seven tautomers of neutral cytosine.
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Figure 7.1. Optimized structures of the cytosine radical cation at the B3LYP/6311++G(d,p) level of theory. Relative energies calculated at that level are
displayed including zero-point vibrational energies and referring to 0 K in kJ mol-1
(CCSD(T)/6-311++G(3f,2p)408 and CCSD(T)/aug-cc-pVTZ are given in
parentheses for comparison). The spin electron density on heteroatoms is shown in
italics.
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CCSD(T)/6-311++G(3df,2p) and CCSD(T)/aug-cc-pVTZ level of theory).408 In fact, the same
seven species are predicted within 15 kJ mol-1 of the lowest energy conformer by both
computational methods (Figure 7.1, 1-7). Of these species, all isomers possessing the amino form
(1-4) and isomer 7 were found within 10 kJ mol-1 of the reference isomer 4. All other structures
were found to be higher in energy (see Figure E1).

Gas-phase action spectroscopy – IRMPD

The infrared multiple photon dissociation (IRMPD) action spectrum was collected in the
“fingerprint region” for the cytosine radical cation. The experimental spectrum for the cytosine
radical cation reveals eight notable peaks (Figure 7.2 and Table 7.1). Based on the number of
observed bands alone, it is unlikely that the profile corresponds to a single isomeric species in the
gas phase. Comparison to the theoretically calculated absorbance bands for each of the seven lowenergy isomers confirms the lack of a mono-isomeric match (Figure 7.2, see Figure E2 for the
simulated IR of all remaining cytosine radical structures). In particular, the calculated keto/imino
tautomers (6 and 7) have a strong absorbance near 1850 cm-1, corresponding to the C=O stretching
motion, which is absent from the experimental spectrum (Figure E2). The enol/imino with a proton
at the N3 position (5) also displays a poor match to the experimental spectrum (Figure E3).
Combined with the tautomer existing at over 10 kJ mol-1 higher energy than the lowest energy
isomer at both levels of theory, it is unlikely that this species is present in any substantial
population under equilibrium conditions. The four remaining amino-type isomers (1-4) were
found to be the lowest in energy when calculated using the B3LYP/6311++G(d,p) level of theory
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Figure 7.2. Experimental (black/gray) and theoretically calculated (red) IR spectra
of the four lowest energy cytosine radical cations (1-4). The linear combination
(LC 1-4) is based on equal parts of each isomer. Theoretical spectra were calculated
at the B3LYP/6-311++G(d,p) level of theory with the FWHM set to 30 cm-1 and
scaled using a factor of 0.98.
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Table 7.1. Experimental and theoretical vibrational frequencies for the cytosine
radical cation.
Exp.[a]
1650 (0.68)

1[b]
1632 (98)

1560 (0.87)

Theoretical cytosine radical cation
2[b]
3[b]
1630 (65)
1645 (494)

Vibrational modes[c]
4[b]
1667 (218)
1641 (133)

1561 (380)
1576 (132)

1525 (0.94)

1526 (253)
1516 (404)

1505 (1.0)

1491 (71)

1516 (128)
1485 (39)
1486 (91)
1491 (94)

1415 (0.72)

1429 (72)

1410 (397)

1380 (0.67)

1367 (72)

1367 (59)

1240 (0.30)

1218 (160)

1220 (110)

1403 (34)
1365 (63)

1100 (0.28)

1231 (42)
1152 (134)
1116 (66)
1082 (47)

sNH2
C=O + sNH2
asN3C2O + sNH2 + OH
C5C6 + sNH2, highly coupled
asN3C2O + asNH2 + OH
N3C4 + C2O + N1C6
N3C4 + asNH2 + N1C6
asN8C4C5 + C5H
N1H + C4N8 + sNH2
C4C5, highly coupled
N1C2 +OH + C6H
C5C6 + C6H
C6H, highly coupled
N3C4, highly coupled
OH
N1H + NH2 + C5H + C6H
NH2 + N1C6 + C=O + N1H + C6H
asN1C2N3 + C5C6 + C5H + C6H
NH2+ C2N3 + C5H

[a] Experimental frequency in cm-1 (relative intensity in parenthesis). [b] Theoretical frequency in cm-1 (km mol-1 intensity in
parenthesis). Scaled by a factor of 0.98. [c] See numbering system in Scheme 1.
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(Figure 7.1) and all possess bands that can be matched to the experimentally observed spectrum
(Figure 7.2). As the energies of these species are quite similar, a linear combination (LC) of the
four isomers was considered and shown as a suitable match for the experimental spectra (see LC
1-4 in Figure 7.2).
This situation is similar to that of the protonated cytosine previously studied by Maître’s
group via IRMPD action spectroscopy.212 The two lowest energy isomers of [Cyt+H]+, shown as
species B and C (Scheme 7.1), within 0.3 kJ mol-1 of one another, were found to be potentially
contributing to the experimentally observed IRMPD spectrum in the fingerprint region. Additional
isomers were calculated to be much higher in energy and did not match the experimental IR
spectrum. These results were later confirmed by them through investigating hydrated complexes
of protonated cytosine by IRMPD in the NH/OH stretching region.216
Analysis of the individual absorbance bands and the corresponding theoretically predicted
vibrational modes (Table 7.1) reveals that each isomer contributes substantially to the observed
experimental spectrum. The peak at ~ 1650 cm-1 correlates primarily to the strong absorbance
from the scissoring motion of the NH2 group (sNH2) which was most intense in the keto/amino
forms 3 and 4. Combined carbonyl stretching motion (C=O) and NH2 scissoring was found with
a relatively high intensity in 4, also contributing to the 1650 cm-1 peak. The enol/amino species 1
and 2 have less intense sNH2 modes that are slightly red-shifted from their keto/amino
counterparts and may cause the peak shoulder observed at ~1630 cm-1. A sharp peak at ~1560 cm1

in the IRMPD spectrum may result from the coupled asymmetric stretching of the C 2-N3-O

(asN3C2O), the asymmetric NH2 scissoring (sNH2), and the OH bending (OH) vibrational mode
calculated to be an intense mode of species 2. Assigning the split peaks at ~1505 cm-1 and ~1525
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cm-1 is challenging. However, species 1 has two strong vibrational modes in this range at 1526
cm-1 (the analogous mode to that found in species 2 at ~1560 cm-1) and 1516 cm-1, which is the
most intense mode from the coupled N3-C4 (N3C4), C2-OH (C2O), and N1C6 (N1C6) stretching.
Species 2 possess a similar mode at 1516 cm-1 that likely also contributes to the large observed
peak in this region. All four of the low energy structures calculated have less intense and highlycoupled vibrational modes in the 1485-1500 cm-1 region, likely resulting in the broadening and
tailing of the larger peak towards the lower frequencies. The observed peak at 1415 cm -1 aligns
well with the intense mode calculated for species 2 for the N1-C2 (N1C2) stretch coupled with the
OH (OH) and C6H (C6H) bending motions. An analogous vibrational mode is also present,
although less intense, in species 1. The neighboring peak at ~1380 cm-1 is closely approximated
by the highly coupled C6H motion of species 1 & 2 at 1367 cm-1 and the N3C4 mode in species
3 at 1365 cm-1. In the lower-frequency region of the experimental spectrum, several low intensity
peaks are observed and correspond to highly coupled vibrational modes. Notably, the O-H
bending motion in the enol/amino species 1 and 2 is calculated to be reasonably intense at ~1220
cm-1, possibly contributing substantially to the broad experimental peak found at ~1240 cm-1. The
final peak near 1100 cm-1 is matched most reasonably by two vibrational modes calculated for
species 4 (at 1116 cm-1 and 1082 cm-1) which bracket the experimentally observed peak.

Gas-phase action spectroscopy – UV-PD

Single-photon UV-PD action spectroscopy was also acquired for the cytosine (M) radical
cation generated from the [CuII(terpy)(M)]•2+ complex. The experimental UV-PD spectra in the
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210 – 700 nm range for the cytosine radical cations were generated from the combination of two
fragmentation channels: the loss of 28 and 42 Da (Figure 7.3). These fragments were consistently
seen in both IRMPD and CID experiments and are assigned to the neutral losses of CO and NCO.
Such eliminations were found previously and explored theoretically.408 As the barrier toward such
eliminations was found higher in energy than the transition states leading to isomerization of the
cytosine radical cation,408 the fragments cannot be diagnostic in the determination of the species
present in the gas phase. The action spectrum showed several bands that were represented by the
CO and NCO loss channels. Weak bands were observed at 600, 530, and 455 nm, whereas stronger
bands appeared at 400, 350, 280 (shoulder), and 260 nm. The short wavelength band at <210 nm
appeared only in the m/z 69 (loss of NCO) channel. The action spectrum of cytosine cation radical
substantially differs from the UV spectrum of neutral cytosine which shows the longest wavelength
absorption maximum at 270 nm.428-430
Interestingly, none of the four low-energy isomers of the cytosine radical cation had the
same calculated absorption band pattern as that found in the experimental UV-PD spectrum
(Figure 7.3a, see Figures E3-4 for additional theoretical structures and spectra). The long
wavelength band at 600 nm is represented by an absorption band in the spectrum of 1 (Figure 7.3b)
whereas the 530 and 455 nm bands appear in 1 and 4 (Figure 7.3d). The 350 nm band appears in
1 and 3 (Figure 7.3c) whereas the 400 nm band appears in 4. Isomer 2 UV-PD spectrum (Figure
E4) is very similar to that of 1. All these isomers also show strong absorption bands at 230-260
nm approximately matching the 260 nm experimental band. Thus, concurring with the IRMPD
data, the UV-PD action spectra indicate the presence of several cytosine cation radical isomers
that are formed by intramolecular electron transfer in the gas-phase [CuII(terpy)(M)]•2+ complex.
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Figure 7.3. Experimental UV-PD action spectroscopy and simulated theoretical
UV absorbance of Cyt•+: (a) Experimental UV-PD action spectra of the cytosine
radical cation displaying individual fragmentation channels, total fragments, and
the smoothed pattern as indicated in the legend. Calculated TD-DFT M06-2X/6311++G(2d,p) (black lines) of (b) 1, (c) 3, (d) 4, and (e) 8. Red bars represent the
EOM-CCSD/6-31+G(d,p) absorption lines. The red curves depict wavelengthbenchmarked vibronic spectra based on a linear correlation of M06-2X and EOMCCSD calculated transition energies.
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Interestingly, a reasonable match to the 250-450 nm region of the action spectrum was found for
the calculated absorption spectrum of the high-energy isomer 8 (Figure 7.3e). This feature, not
revealed by IRMPD, does not rule out the potential presence of the formally distonic radical cation
(with the charge at the amine and the unpaired spin on the oxygen atom, species 8). However, this
ion is more than 120 kJ mol-1 higher in energy than the keto/amino and enol/amino tautomers
(Figure 7.1 and Table E1), and so its formation appears unlikely and is discussed further below.

Comparison of UV and IR spectroscopy results

Given that both IR and UV action spectroscopy data point to a mixture of several Cyt ●+
isomers present in the gas phase during laser activation, their origin needs to be discussed. As the
radical cation of cytosine is formed via CID of the [CuII(terpy)(M)]•2+ complex, the structure of
this complex, both in solution and in the gas phase, may affect the structure of the resulting Cyt●+
ions. The relative energies of select [CuII(terpy)(M)]•2+ complexes were obtained for fully
optimized structures (Figure E5 and Table E2), corresponding to ligation of Cu(terpy) by different
cytosine tautomers (we considered two binding modes of 1, and one each for 4 and 8). Consistent
with the order of relative energies for Cyt●+, the N1-ligated [Cu(terpy)(4-N1)]●2+ complex was
found to be lowest in energy, closely followed by the isomer 1 also bound via N1. Since the
complexes are formed in solution, solvation effects were considered by running Polarizable
Continuum Model431 calculations in water and methanol. Although there are some energy
differences between the complexes due to different solvation, the relative differences between
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isomers 4 and 1 bound to Cu(terpy) in solution are still minor. Therefore, it is reasonable to suggest
that the mixture of Cyt●+ isomers results from the isomeric Cu complexes found in solution.
Formation of the Cyt●+ isomeric mixture is also possible during CID of the
[CuII(terpy)(M)]•2+ complexes when Cyt●+ ions dissociating from the complex carry excess energy
sufficient for isomerization. It has previously been established computationally by Wolken et al.
that isomerization between the low energy isomers of cytosine radical cation would take less
energy than their fragmentation.408 The most energetically favorable elimination channel (loss of
CO) was found to have a critical transition state energy of 180 kJ mol -1, relative to the lowest
energy isomer (4), at the CCSD(T)/6-311++G(3df,2p) level of theory.408 Isomerization pathways
of species 1-4, were found to proceed through transition states with energies of 145 - 174 kJ mol1

relative to ion 4 at the same level of theory.408 Therefore, is not inconceivable that the radical

cation of cytosine formed during the CID of the Cu complex will be able to rearrange before the
spectroscopy experiments. This would result in a mixture of low energy isomers as the best match
to the experimental IRMPD and UV-PD spectroscopy data.
We investigated the possibility that the distonic ion (8) was co-formed via dissociation of
the copper complex (Eq. 7.1, where M = 8). However, the O-ligated [Cu(terpy)(8-O)]●2+ complex
was found higher in energy than the 4 counterpart by 97 kJ mol-1 and higher than the other isomers
in the gas phase (Figure E5 and Table E2). Although the energy differences between the complexes
somewhat decreased due to different solvation, complex [Cu(terpy)(8-O)]●2+ was still >90 kJ mol1

less stable than [Cu(terpy)(4-N1)]●2+ and also substantially less stable than the other solvated

complexes in both water and methanol. Thus, is seems unlikely that [Cu(terpy)(8-O)]●2+ was
present under equilibrium conditions in bulk solution.
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Ion-molecule reactions (IMR)

The gas-phase reactivity of the cytosine radical cation (Cyt•+) was explored toward a
variety of neutral reagents including nitric oxide, dimethyl disulfide, and n-propyl thiol. This
resulted in the following reactivity, where M = Cyt (Figure 7.4):

Radical recombination: M•+ + •NO  M-NO+

(Eq. 7.2)

Electron transfer: M•+ + CH3SSCH3  M + CH3SSCH3•+

(Eq. 7.3)

Hydrogen abstraction: M•+ + RSH  MH+ + RS•

(Eq. 7.4)

Exposing Cyt•+ to nitric oxide produced the •NO addition reaction (Eq. 7.2) characteristic
of -radicals.140 It is notable that this reaction can potentially occur at both the N- and O-based
radical locations in cytosine radical cation. In the enol/amino structures (1 and 2) there is a
substantial spin density (0.33) at N1 atom and only minimal unpaired spin at the hydroxyl O7. The
keto/amino structures (3 and 4) possess significant spin density at the carbonyl O7 (0.49 and 0.27,
respectively), as well as considerable spin density at the unprotonated N (0.29 at N3 and 0.40 at
N1, respectively). We have previously shown that highly delocalized phenoxy radicals display
reactivity towards nitric oxide even when the spin density at the oxygen atom is as low as 0.17.146
Electron transfer reaction (Eq. 7.3) dominated the reactivity with dimethyl disulfide (IP 
8.2 eV432), as demonstrated by the appearance of the charged product at m/z 94. Such reactions
often occur when a more stable radical ion can be formed (of the two neutral species in Eq. 7.3,
the one with the lower IP will become the cation). We found such reactions typical for a highly
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Figure 7.4. Gas-phase ion molecule reactions of the cytosine radical cation (m/z
111) with the neutral reagents nitric oxide (b), dimethyl disulfide (c), and n-propyl
thiol (d). In all cases, a scan delay of 500 ms was employed as the reaction time.
The peak at m/z 112 (*) represents protonated cytosine formed via and additional
fragmentation channel during copper complex dissociation. Clean isolation of the
radical cation was not possible as the narrow isolation width resulted in drastic loss
of ion counts for the m/z 111. Therefore, a wider isolation window (m/z 5) was
used resulting in a substantial population of the protonated species present in all
scans (isolation is shown in panel (a)). The protonated cytosine ion was generated
independently and found to be unreactive towards the neutral reagents used in this
work. The degree of HAT during reaction with n-propyl thiol was determined via
subtraction of the initial amount of m/z 112. The intensity of m/z 112 ion
([Cyt+H]+) grew throughout the experiment while the intensity of the cytosine
radical cation (m/z 111) decreased exponentially. Additionally, the intensity of the
ion at m/z 112 was found to stay nearly constant during reactions with nitric oxide
and dimethyl disulfide, allowing us to treat it as a non-reactive species.
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delocalized -radical of tryptophan.140

For Cyt•+, the ionization energies were calculated

previously to be in the range of 8.2 – 8.9 eV depending on the specific tautomer and level of
theory,408 in agreement with the experimental values that have recently been narrowed to 8.6958.738 eV.433-434
The hydrogen abstraction reaction was found to be the main process for the cytosine radical
cation in the presence of n-propyl thiol (Eq. 7.4). This reaction leads to the protonated cytosine
and can also occur via the O- or N-based radical site. In effect, that will result in a new O-H or NH bond and a thiyl radical (RS•). This type of hydrogen atom abstraction was theoretically
predicted by Tehrani et al. as a typical reaction for the cytosine radical cation.435 They calculated
the reaction to be exothermic by ~75 kJ mol-1 and noted that only a small activation barrier was
required.435
While this reactivity cannot be used to discern the isomeric composition of Cyt •+, it is
consistent with the reactivity trends predicted for nucleobase radicals. These trends suggest that if
an electron is stripped from the Cyt site, resulting in a transient radical cation species, a facile
hydrogen atom or electron transfer reaction may follow. This will lead to propagation of the radical
site either intramolecularly within the DNA chain or intermolecularly through reactions with
neighboring species.

Conclusions

This combined experimental and computational study allows us to arrive at the following
conclusions. Cytosine radical cations are formed as a mixture of isomers upon collision-induced
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oxidation of the cytosine ligand via dissocaition from the copper (II) ternary complex,
[CuII(terpy)(M)]•2+. A mixture of several low-energy isomers was also found in a recent
invesigation of cytosine radical cations formed via VUV photodissociation.409 This is consistent
with the existense of multiple Cyt•+ isomers within 10 kJ mol-1 of one another as found by multiple
level of theory. In this work, the Cyt•+ isomeric mixture may originate from different
[CuII(terpy)(M)]•2+ isomers present in solution or from the gas-phase rearrangement of Cyt•+ upon
CID of the Cu complex. IRMPD action spectroscopy points to a mixture of low energy aminotype Cyt•+ tautomers (1-4) that contribute to the vibrational signature in the fingerprint region. The
UVPD action spectroscopy spectrum similarly contains features of the low energy Cyt •+ ions. The
presence of a high-energy distonic isomer 8 which displayed a reasonable UV-PD match was
considered. Analysis of energy data for gas-phase Cyt•+ and [CuII(terpy)(M)]•2+ complexes in
solution and the gas phase indicates that the formation of isomer 8 is unlikely. As all isomers
possess highly delocalized unpaired spin, ion-molecule reactions are unable to shed light on the
isomeric composition of the Cyt radical cation population. They do, however, reveal that the
cytosine radical cations are highly reactive and undergo facile hydrogen atom tranfer, electron
transfer, and radical recombination reactions.

CHAPTER 8
CONCLUSION AND FUTURE WORK

The research presented in this work was performed to achieve two major goals: the
refinement of novel gas-phase analytical techniques for studying radical cations and the
investigation of the fundamental characteristics of biologically relevant radical species. In pursuit
of the first objective, a three-pronged approach for studying radical ions was developed, which
combines gas-phase reactivity analysis via IMRs, structural determination via action spectroscopy
(IRMPD and UV-PD), and calculation of ion structure and energetics via computational chemistry.
This methodology was implemented for the investigation of hydrogen atom transfer (HAT) in two
amino acids (Cys and Hcy) and the redox-active peptide glutathione (GSH), complexed with
various metal ions. The tautomeric forms and general reactivity trends were also investigated for
the radical cation of the nucleobase cytosine using these techniques. Furthermore, a combination
of IMRs and computational chemistry was used to probe radical migration in the LysTyrCys
tripeptide radical cation as well as to evaluate the effect of hydrogen bonding on phenoxyl radical
reactivity within a set of model compounds. Summaries of the individual sub-projects can be found
within their respective chapters.
The ability to form radicals in a regiospecific manner within amino acids and peptides was
crucial to the overall success of the project. Thiyl radicals within Cys, Hcy, and Cys-containing
peptides were generated using the previously developed S-nitroso chemistry.157-158 This method is
versatile in that it is charge-independent and therefore useful when investigating protonated,

163
deprotonated, and metal-bound species. Likewise, radical generation on the side-chain of Tyr in
peptides containing a basic residue was achieved through the well-known ternary metal complex
dissociation method.169-172,
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These complexes result in additional competing fragmentation

channels which were minimized through tuning of the nitrogen-containing ligand for optimal
radical generation. In most cases, a tri-nitrogen ligand without labile hydrogens (i.e. 2,2′:6′,2′′terpyridine) produced the best results. Unfortunately, the initial radical location produced upon
oxidation was not determined explicitly. The seminal work on this method of radical generation
provided sound evidence that a phenoxyl-type oxygen-based radical species is produced via
PCET.169 Recent studies, however, have proposed a more complex situation where the type of
radical initially generated (oxygen-based, C-based, and aromatic radicals are all possible) is
dependent on the location of the Tyr residue within the peptide.414, 436-437 Computational chemistry
approaches were used to determine the most likely radical locations of the systems presented in
this work. Determination of the specific oxidation mechanism involved in metal complex
dissociation of Tyr-containing peptides via spectroscopic inspection (IR and/or UV) of the
complexes will be the subject of future studies.
In order to alleviate the issue of radical formation specificity in the small model compounds
used for hydrogen bonding analysis, the homolytic cleavage of a methyl group from a methoxy
functionality was utilized. Thus, only oxygen-based radicals were initially formed. The metal
complex dissociation method was used to generate radical cations of the nucleobase cytosine
where indiscriminate electron abstraction was assumed. As the investigation of radical cations of
the remaining nucleobases is a subject of future work, it should be noted that such studies may
benefit from radical formation via homolytic bond cleavage of a labile group. Developing a
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method for the synthesis of nucleobases or nucleobase models possessing such functionalities (i.e.
methyl, nitroso, or iodine groups), while not trivial, would be a worthwhile endeavor.
The development of regiospecific IMRs has also been advanced by the current work.
Substantial work regarding specific reactivity of the sulfur-based radical in Cys and Cys-derived
systems was previously accomplished within the Ryzhov group.130,

133-140

These studies

determined that common radical sponges like allyl iodide, allyl bromide, dimethyl disulfide,
dimethyl sulfide, and n-propyl thiol reacted in a facile manner with the sulfur-based radical species.
Neutral reagents were screened against phenoxyl radicals found to have high spin localization at
the oxygen atom (i.e. the radical cation of 4-hydroxypyridine) in an effort to simulate the reactivity
of a biological Tyr phenoxyl radical. The reactivity of the oxygen-based radical was found to be
similar to the sulfur-based species in most cases. Notably, in contrast to the sulfur-based radicals,
the oxygen-based ones were not found to abstract iodine from allyl iodide. The utility of such
observations is demonstrated by the differentiation of radical location in the tripeptide radical
cation LysTyrCys based on iodine abstraction under IMR conditions. Understanding regiospecific
radical reactivity will be beneficial in future studies which aim at differentiating isomeric radical
cations of more complex peptides (vide infra).
The expansion of gas-phase spectroscopic techniques for studying radical ions is another
pivotal achievement of the current work. Until recently, previous structural characterization of
gas-phase ions was performed almost exclusively within the IR range via IRMPD spectroscopy,
both by the Ryzhov group and several others.133, 135, 138-139, 180, 205-206, 208-209, 211-213, 215, 240, 392, 415 This
approach works well for smaller ions (under ~m/z 250) with easily cleavable bonds, such as the
Cys and Hcy radicals complexed with metal ions investigated herein. However, for larger species
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(i.e., GSH or other peptides) or highly stable ions (i.e. nucleobase radical cations) IMRPD
spectroscopy struggles to differentiate the specific isomers. There are possible two reasons for
this shortcoming. First, as the size of the ion increases, the fingerprint region (~ 800 – 1800 cm-1)
becomes increasingly crowded leading to overlapping peaks and absorbance patterns that are no
longer clearly defined. Second, as the stability of the parent ion increases, the isomerization
channels may start to compete with those leading to fragmentation. Since IRMPD spectroscopy
is a multi-photon absorbance process, isomerization will then precede fragmentation and signature
bands of the parent ion may lose substantial intensity.
The Tureček group at the University of Washington has recently developed a gas-phase
UV-PD system that is able to generate action spectroscopy in the UV-vis range and was
successfully applied to the investigation of peptide radical cations.412-414 As the IRMPD spectrum
of the cytosine radical cation was particularly challenging to interpret due to the aforementioned
difficulties of analyzing resonance-stabilized ions, the UV-PD action spectrum was also collected.
The combination of the two techniques allowed for increased confidence in the assignment of the
multiple isomers present.

As the remainder of the nucleobases and their thiol-substituted

analogues will likely present similar spectroscopic difficulties, continued use of a combination of
IMPRD and UV-PD action spectroscopy will be extremely helpful in the assignment of the specific
tautomers present in the gas phase.
A final note on the gas-phase spectroscopy of radical ions should be made regarding the
extension of the IR range. Although the current work is limited to analysis of the FEL-accessible
fingerprint region, it is possible to use a tunable OPO laser to detect absorbance bands in the NH/O-H stretching region.213, 397-398 Observation of the Tyr-based radical cation within peptides
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would particularly benefit from such spectroscopy, as the absence or presence of the phenolic OH stretch would definitively indicate whether an oxygen-based or pi-based radical is present.
Selection of appropriate model systems would have to be done carefully to avoid overlapping
peaks due to backbone-based N-H or O-H stretches. As such, peptides with modified N- and Ctermini (i.e. n-acetyl and methyl ester peptide derivatives) that are charged with a metal ion would
provide the cleanest spectrum. A downside of this technique is that the power of an OPO laser is
substantially lower than that of a FEL leading to decreased fragmentation efficiency. Preliminary
studies regarding observation of the Tyr-based radical in this range are currently underway.
Continuation of the current work will revolve around increasing the applications of the
developed methodology. Towards this end, the Ryzhov group has begun a collaboration with C.
Schöneich who is an expert in oxidative degradation of proteins and peptides. A large portion of
his group’s research has focused on solution-phase studies demonstrating the propensity of the
Cys-based sulfur radicals to abstract a hydrogen atom from a neighboring amino acid Cα position.2,
116, 119, 438-439

These works have implicated this mechanism in the degradation of several important

proteins, including insulin and monoclonal antibodies.439-441 Such radical transfer via hydrogenatom abstraction leaves the Cα open to epimerization (see Scheme 8.1). However, this process
appears to be specific to the environment surrounding the sulfur-based radical.440-441
The approaches advanced in the current work will be able to model S-to-Cα radical transfer
both intra- and intermolecularly in the gas phase. It is logical to hypothesize that the rate of S-toCα radical transfer will depend, at least in part, on the Cα-H bond dissociation energy (BDE). To
confirm this theory, various sulfur-specific IMRs can be used to monitor the rate of S-to-Cα radical
transfer in model peptides possessing amino acids with a range of Cα-H BDEs. This experiment
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Scheme 8.1. Pathway of thiyl radical induced epimerization of amino acids.

is similar to those completed for examining radical migration in glutathione (see Figure 4.1). The
intensity of fragments observed during CID that are derived from S-based vs. Cα-based radicals
will also aid in identification of the radical location. The rate of S-to-Cα radical transfer can also
be affected by the local environments of the S and Cα moieties and, as such, will be dependent on
the conformation of the gas-phase peptide. To further investigate this phenomenon, analysis of
peptides with D-amino acids incorporation into their sequences will help to determine the rate
effects caused by the primary sequence vs. conformational structure.
Another timely avenue of future research is mechanistic investigation of light-based
degradation of synthetic biomolecules.442 The recent increase in the development and production
of protein and peptide-based therapeutic agents necessitates a greater understanding of the stability
of these biological pharmaceuticals.443 Many of these synthetic peptides are required to be
administered via injection or continuous subcutaneous infusion resulting in extensive exposure to
light. The aromatic amino acids, as well as cysteine, are notable chromophores with absorption
maximum in the UV-B wavelength region and are therefore particularly sensitive to
photodegradation.444 Often, complex chemical degradation results under photolytic stress.445-446
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The Schöneich group is working to further the current understanding of these degradation
mechanisms through examination of solution-phase photostressing of biologics.40, 447-449 In a
recent study, the cyclical peptide therapeutic octreotide, which possesses a Trp residue neighboring
a disulfide bond was found to undergo oxidation when irradiated with UV light at 305 nm. 450
While the aromatic amino acids and cysteine all possess absorption maxima under 300 nm, the
absorption spectra of Trp particularly extends well above that range.451 Thus, such oxidation is
likely initiated via photon absorption by the Trp side chain followed by electron transfer to the
disulfide bond. The mechanism they propose for the photodegradation in solution is complex and
involves both mediation of electron transfer by the carbonyl group and eventual Trp side chain
transfer to the lysine residue.450
Previously, our group has examined the Trp radical cation (Trp•+) and found facile
formation using the same metal complex dissociation method which is used in the current work to
form Tyr and cytosine radical cations.140, 142 In this regard, gas-phase studies can provide valuable
insight since the radical cation Trp•+ formed in the gas phase is the same as found in solution. Trpto-disulfide electron transfer under UV light has been documented both in solution and in the gas
phase (Scheme 8.2).452-453 A systematic study of gas-phase behavior in such model systems and
the actual pharmaceuticals should help to further elucidate the mechanistic underpinnings of the
observed synthetic peptide degradation.
Currently, studies are underway in the Ryzhov group which investigates this phenomenon
in cyclic peptides containing both Trp residues and disulfide bonds.

Both metal complex

dissociation to form canonical Trp•+ π-based radicals and N-nitrosylation followed by N-NO
homolytic bond cleavage to generate nitrogen-based distonic radicals have been achieved. Such
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Scheme 8.2. UV-light initiated Trp-to-disulfide electron transfer and subsequent
disulfide bond cleavage.

species represent interesting possible intermediates in the observed degradation pathway.
Preliminary evidence of radical induced disulfide bond cleavage has recently been found via
comparison of the fragmentation patterns of the even-electron protonated species and odd-electron
Trp-based radical cation. Further investigation of the processes which proceed after Trp radical
generation will involve regiospecific IMRs (Trp-based vs. Cys-based) and spectroscopic analysis.
Future work on this project is aimed at stimulating light-induced radical damage in the
cyclic pharmaceutical peptides through UV laser irradiation of gas-phase species within a linear
ion trap. A collaboration with the Van Stipdonk group at Duquesne University has been initiated
in order to conduct these experiments. The primary objective for these studies will be to evaluate
the distance dependence of the Trp-to-disulfide electron transport. A simple model of a peptide
derivative Xxx-Trp(-Yyy)n-Cys(S-S-R), where the Cys thiol is converted to an alkylated disulfide,
e.g. Cys(S-S-CH3) will be used initially. Preparation of such Cys derivatives is straightforward
and such a model was recently used by the Julian group.453-455 The neutral loss of 47 Da (-S-CH3)
is an indicator of a successful Trp – S-S electron transfer.453 Different lengths can be achieved by
varying n and compositions of linkages Yyy in the model peptide. Theoretical calculations
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involving molecular dynamics will predict Trp – S-S distances. Once the relationship is
established, investigations of disulfide fragmentation in octreotide and other peptides with a cyclic
disulfide bond will test the application of the hypothesis in the real-life systems.
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Figure A.1. Experimental (black) and theoretical (red) spectra of (A) [Cys-H+Li]•+ and (B) [CysH+K]•+. The four lowest energies structures are shown. Enthalpies (Ho0) and free energies
(Go298, in parenthesis) in kJ mol-1 are relative to the S-1 ion. Calculations were performed at the
B3LYP/6-311++G(d,p) level of theory and with a scaling factor of 0.976. FWHM of absorbance
bands were set to 30 cm-1.
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Figure A.2. Optimized geometries of S-1 and C-1 structures at the B3LYP/6-311++G(d,p) and
MP2/6-311++G(d,p) level.
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Figure A.3. Optimized structures of various Ag+ / cysteine radical cations and their theoretical
vibrational spectra. Enthalpies (Ho0) and free energies (Go298, in parenthesis) in kJ mol-1 are
relative to the S-1 ion. Calculations were performed at the B3LYP/6-311++G(d,p) level of theory
and with a scaling factor of 0.976. FWHM of absorbance bands were set to 30 cm-1.
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Figure A.4. The intensity of individual fragmentation pathways corresponding to neutral losses of
H2S (blue), CH2S (black), and •SH (red), as a function of the corresponding wavelength of the FEL
during the IRMPD, are shown for [Cys-H+Ag]•+.
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Figure B.1. (A) Theoretical low-energy structures of [Hcy-H+Na]•+. Enthalpies (Ho0) and free
energies (Go298, in parenthesis) in kJ mol-1 are relative to the S-1 ion. Bond distances are in Å.
(B) Experimental (black) and theoretical (red) IR spectra for [Hcy-H+Na]•+. Theoretical spectra
were calculated at the B3LYP/6-311++G(d,p) level and with a scaling factor of 0.965.
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Figure B.2. (A) Theoretical low-energy structures of [Hcy-H+K]•+. Enthalpies (Ho0) and free
energies (Go298, in parenthesis) in kJ mol-1 are relative to the S-1 ion. Bond distances are in Å.
(B) Experimental (black) and theoretical (red) IR spectra for [Hcy-H+K]•+. Theoretical spectra
were calculated at the B3LYP/6-311++G(d,p) level and with a scaling factor of 0.965.
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Figure B.3. An alternative mechanism for the S-to-Cα radical isomerization of [Hcy-H+Li]•+.
Enthalpies (Ho0) and free energies (Go298, in parenthesis) in kJ mol-1 are calculated at the
B3LYP/6-311++G(d,p) level. The same mechanism is followed for the Na+ and K+ systems.
Critical barriers (99.5 (98.9) for Li+, 90.7 (90.0) for Na+, and 81.8 (81.1) for K+) in this mechanism
are higher than those listed in Table 1.
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Figure B.4. Energy profile for the isomerization of [Hcy] •+. Enthalpies (Ho0) and free energies
(Go298, in parenthesis) in kJ mol-1 are relative to the S-1 ion.
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Figure B.5. Single time-point ion-molecule reaction (IMR) spectra for the reaction of the (A)
protonated glutathione radical cation [GSH]•+, (B) glutathione radical / potassium adduct [GSHH+K]•+, (C) protonated GluCys radical cation [GluCys]•+, and (D) GluCys radical / potassium
adduct [GluCys-H+K]•+, with the neutral compound nitric oxide (NO). Product ion formation
results +30 Da to the radical cation as indicated. The spectra were collected with a reaction time
set by a scan delay of 1000 ms and were averaged over 1 min. of acquisition. The NO was
introduced into the trap via a 1% NO in He premixed tank under He delivery conditions unmodified
from normal instrument usage. The lack of reaction for potassium adducts (B and D) as opposed
to protonated radicals (A and C) suggests the metal ion facilitates HAT. The initial reactive thiyl
radical interconverts into a nonreactive radical species.
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Figure C.1. The exponential decay of the CysGly radical cation / metal ion complex, [CysGlyH+M]•+, where M = Li, Na, or K, under ion-molecule reaction conditions with nitric oxide. Error
bars represent standard deviation.
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Figure C.2. The exponential decay of the -GluCys radical cation / metal ion complex, [-GluCysH+M]•+, where M = Li, Na, or K, under ion-molecule reaction conditions with nitric oxide. Error
bars represent standard deviation.
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Figure C.3. Optimized structures of the sulfur-, -Glu C-based, Cys C-based, and Gly C-based
radical of glutathione complexed with a Li+ or K+ ion calculated at the B3LYP/6-31++G(d,p) level.
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Figure C.4. The exponential decay of the glutathione radical cation / metal ion complex,
[GS•+M]+, where M = Mg2+, Zn2+ and Ni2+, under ion-molecule reaction conditions with nitric
oxide. Error bars represent standard deviation.
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Figure C.5. Optimized structures of the sulfur- and -Glu C-based radical of glutathione
complexed with a Mg2+ (top) or Zn2+ (bottom) ion in ketol and iminol forms at the B3LYP/631++G(d,p) level.
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Figure D.1. Alternative mechanism for HomoTyr-to-Cys radical transfer. (A) Proposed
mechanism for the reaction of the π-radical [HomoTyr]•+ with the neutral species n-propyl thiol.
The scheme shows PCET, where the electron is transferred to the π-system and the proton is
abstracted by the amine, which would result same products as the reaction of propyl thiol with the
oxygen centered radical. At this time, the details regarding the sequential or concerted steps of the
PCET are unknown. (B) Calculations show that the HAT reaction of the π-radical [HomoTyr]•+
with propyl thiol is endothermic by 2.5 kJ mol-1. Calculations were performed at the B3LYP/6311++G(d,p) level of theory.
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Figure D.2. Eight structures were calculated for the model peptide [LysTyr(O•)Cys+H]+. Structure
VI represents the lowest energy conformation (12.6 kJ mol-1). Structure VIII is proposed as part
of the radical migration pathway. Calculations were performed at the B3LYP/6-311++G(2d,p)
level of theory.
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Figure D.3. Nine structures were calculated for the model peptide [LysTyrCys(S•)+H]+. Structure
XIII represents the lowest energy conformer (0.0 kJ mol-1) and is used as the ground state for all
other structural energies. Calculations were performed at the B3LYP/6-311++G(2d,p) level of
theory.
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Figure D.4. IMR spectra of the radical cation HomoTyr(O•) (a) and LysTyr(O•) (b) with neutral
reagent allyl iodide. The reaction delay was set to 500 ms and the neutral was pulsed at 500 μs.
Under these conditions, no iodine abstraction was observed for either compound.
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Figure E.1. Optimized structures of the cytosine radical cation at the B3LYP/6-311++G(d,p) level
of theory. Relative energies (Go298) and enthalpies (Ho0 in parenthesis) calculated at that level
are displayed in kJ mol-1. The spin electron density on heteroatoms is shown in italics. Bolded
numbers refer to structures shown in the manuscript.

Figure E.2. Experimental (black/gray) and theoretically calculated (red) IR spectra of the cytosine radical cation. Theoretical spectra
were calculated at the B3LYP/6-311++G(d,p) level of theory with the FWHM set to 30 cm-1 and scaled using a factor of 0.98. Bolded
numbers refer to structures shown in the manuscript.
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Figure E.3. Upper: fully optimized cytosine ion structures with the ωB97X-D functional and 631+G(d,p) basis set. The bolded numbers assign analogous structures to species 1-8 from the DFT
calculations in Figures 1 & S1 and used in the manuscript.
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Figure E.4. Theoretical absorption profiles of the cytosine radical cation in the UV range,
generated via TD-DFT M06-2X/6-311++G(2d,p) broadened by vibronic transition at 300K (black
lines), EOMCCSD/6-31+G(d,p) (red vertical bars), and wavelength-benchmarked vibronic spectra
based on a linear correlation of M06-2X and EOMCCSD transition energies/wavelengths (red
curves). Experimental UV-PD action spectroscopy (bottom left panel) of the cytosine radical
cation, is shown for comparison. The bolded numbers assign analogous structures to species 1-8
from the DFT calculations in Figure 1 & S1 and used in the manuscript.
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Figure E.5. B3LYP/6-311+G(2d,p) optimized structures of [Cu(terpy)Cyt]●2+ complexes. For
relative energies refer to Table E.3.
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Table E.1. Calculated Relative Energies of Cytosine Cation Radicals.
Relative Energya,b
_________________________________________________________
Ion
M06-2Xc
B97X-Dd
B3LYPe
CCSD(T)f
CCSD(T)g
_____________________________________________________________________
1
−7.5
1.2
1.5
0.3
−4.0 (−3.5)h
2
−9.3
−0.2
−0.6
−1.1
−5.5 (−4.9)h
3
9.8
7.8
3.2
8.4
8.7 (9.0)h
4
0.0
0.0
0.0
0.0
0.0 (0.0)h
5
6.1
11
13
8.2
9.3 (10.5)h
6
16
13
13
12
15
(16)h
7
11
8.3
8.5
7.1
7.3 (7.9)h
8
128
130
135
128
122
(120)h
9
16
22
26
20
TS(8→4)i
228
229
233
230
______________________________________________________________________
a

In units of kJ mol-1. bIncluding zero-point vibrational energies and referring to 0 K. cCalculations
with the 6-311++G(2d,p) basis set. dCalculations with the 6-31+G(d,p) basis set. eCalculations
with the 6-311++G(3df,2p) basis set. fFrom single point CCSD(T) calculations with the 631G(d,p) basis set on B3LYP/6-31+G(d,p) optimized structures and extrapolated to CCSD(T)/6311++G(3df,2p) using the linear formula: E[CCSDT(T)/large basis set] ≈ E[CCSD(T)/small basis
set] + {E[PMP2/large basis set] − E[PMP2/small basis set]}F(taken from: Wolken, J. K.; Yao, C.;
Tureček, F.; Polce, M. J.; Wesdemiotis, C. Int. J. Mass Spectrom. 2007, 267, 30-42). gFrom single
point CCSD(T)/aug-cc-pVTZ energy calculations on MP2(FULL)/6-31+G(d,p) optimized
structures. hG298 relative free energies iTS energy relative to 4.
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Table E.2. Relative Energies of [Cu(tpy)(cytosine)]●2+ Complexes.
Relative Energya,b
__________________________________
Complex
Gas phase
Water
Methanol
__________________________________________________________
[Cu(terpy)(1-N1)]●2+
7
20
20
[Cu(terpy)(1-N3)]●2+
46
39
40
●2+
[Cu(terpy)(4-N1)]
0
0
0
[Cu(terpy)(8-O)]●2+
97
92
92
__________________________________________________________
a

In units of kJ mol-1. bFrom B3LYP/6-311+G(2d,p) + PCM single-point energy calculations.
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